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Preface

Dear readers, dear colleagues,

2024 was a special year for DELTA for various reasons. First of all, it was the 30"
anniversary of DELTA, which was celebrated with an anniversary event on November
12th. Accordingly, Metin Tolan took us on a journey through the history and
development of research at DELTA, sharing a few anecdotes, particularly from the
early days. The keynote speech was given by Thomas Feurer, Chairman of the
Board of Directors of the European XFEL, putting the spotlight on current aspects
and possibilities of X-ray research. The well-attended ceremony ended with a tour of
the machine, a diner and numerous conversations between guests, current and
former employees, as also reflected in the short contribution from Wolfram Helml in
this report.

The second important point in 2024 was that the TU Dortmund decided to
discontinue the operation of DELTA at the end of 2026. Until then, the University will
however fully support all DELTA services, so that ongoing projects can safely be
finished within the next two years.

As in the year before, an impressive number of projects have been conducted at
DELTA in the past 12 month — those are compiled in this report. In total, 7 reports are
dedicated to instrumentation, 18 reports on X-ray scattering and 9 to X-ray
spectroscopies, respectively, which reflects that all the different instruments and
endstations were intensively used within the 10 weeks of user operation and 5 weeks
dedicated to accelerator physics. Still, several users mailed in their samples for X-ray
experiments, and the DELTA staff and the beamline scientists did their best to get the
X-ray data recorded.

All contributions in this annual report from the different scientific disciplines
(engineering, physics, chemistry, biology) have a high scientific quality, and reflect
the broad spectrum of scientific activities at DELTA for both, fundamental and applied
research.

We take the opportunity to thank the involved technicians, engineers and scientists of
the machine group for running the DELTA machine, as well as we acknowledge the
financial support by the funding agencies and the local government. Furthermore, the
success of DELTA would not be possible without the manifold contributions from the
universities and research institutions, in particular the TU Dortmund.

Christian Sternemann, Michael Paulus & Dirk Litzenkirchen-Hecht
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30 years celebration of DELTA
W. Helml
Direktor am Zentrum fiir Synchrotronstrahlung (DELTA), Technische Universitit Dortmund

technische universitat
dortmund

Within the fall of 2024 the accelerator facility DELTA turned its 30th year of operation — a
very good reason to celebrate the many achievements and exciting activities over the past
three decades at the “Dortmunder Elektronenspeicherringanlage”.

To honor the fruitful history of this Westfalian Village in the harsh landscape of multinational
accelerator facilities all over the world, two highly acclaimed speakers could be won to give
celebratory talks: Professor Dr. Metin Tolan, at that time President of the Georg-August-
Universitdt Gottingen, and Professor Dr. Thomas Feurer, Managing Director and Chairman of
the Management Board of the European X-ray XFEL at Schenefeld/Hamburg.

The colloquium took place in the traditional lecture hall II of the physics faculty at the TU
Dortmund in front of a large and expectant audience. Many former scientists, X-ray users,
fellow workers and students from DELTA had come to join the current DELTA team and
academic staff from the university. In his humorous and personal presentation Prof. Tolan led
the audience from the first ideas and concepts of building an accelerator in Dortmund to
numerous developments and pioneering successes like the lasing of a ring-based FEL or the
setup of experimental stations for X-ray diffraction under exotic high-pressure and high-
temperature conditions. Even very recently new additions had been made to the ring, in form
of the Superconducting Wiggler at 7 Tesla, and groundbreaking achievements had been
delivered, like the first demonstration of deep UV radiation by echo-enabled harmonic
generation at a storage ring.



Prof. Feurer continued the narrative with a vision about X-ray research at state-of-the art free-
electron lasers, exemplified by the Eu-XFEL, currently the world’s most powerful free-
electron laser source. The research outline spanned many different topics, from attosecond X-
ray spectroscopy for the investigation of ultrafast processes at the core of electronic
rearrangement dynamics to the impact of machine learning on understanding experimental
results and dealing with huge amounts of data at measurement rates of more than 2 MHz.

The location was then transferred to the DELTA building, where guided tours of the inner
workings of an accelerator facility were offered and embraced by interested laymen and
experienced professionals alike. Finally, the celebrations culminated in a festive buffet in the
DELTA hall, giving everybody the chance to exchange old stories and new scientific ideas in
a relaxed atmosphere. Many celebrants deeply submersed in these comfortable if unusual
dinner party surroundings and kept their discussions going until long into the evening — a
fitting finale for the anniversary of an accelerator run devotedly over 30 years in many shifts
during day and night!

onstrahiung & Neutronenstreuung Weltweit

PS: I want to express my specific thanks to all of the DELTA team who helped organize this
event and to the Faculty of Physics for the support.



The pictures in the following give some more impressions of the anniversary celebrations:




%
A
The buffet in the outskirts of the accelerator hall gave an inspiring background for many
extensive conversations.

S

Prof. Feurer and the author enjoy a beer after the anniversary colloquium.
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DELTA Control System

A. Althaus, A. Erpelding, D. Schirmer
Zentrum fiir Synchrotronstrahlung (DELTA), Technische Universitidt Dortmund

Introduction:

Usual maintenance work was carried out on the DELTA EPICS-based control system. This
includes hardware replacements, software updates, network infrastructure improvements and
the EPICS integration of new device controls. One extensive renewal was the replacement of a
large part of the outdated server infrastructure and the implementation of NixOS [1]
environment, a Linux distribution based on the Nix package manager.

e The majority of deprecated servers (out of warranty and
maintenance) have been replaced by two new 19-inch rack
servers (based on: CPU EPYC 7443P 24C/48T). They were
purchased in summer 2024 within the estimated investment
funds and have been installed very soon after delivery in
autumn 2024. The new hardware replaces also the outdated
storage area network (SAN) system. For this purpose, the
servers were configured as a redundant Proxmox cluster [2].
The Proxmox virtual environment operates as an open source
server management platform for enterprise virtualization. It
tightly integrates kernel-based virtual machine hypervisors
(KVM) and Linux containers (LXC), software-defined storage
and networking functionality, on a single platform. The
integrated web-based user interface also simplifies the
management of high availability within the server cluster and
the integrated disaster recovery tool. At DELTA, the cluster
operates as a KVM hypervisor for all implemented VMs. The
VMs in turn provide general-purpose and a variety of DELTA-
specific software services (see Fig. 1, right). These include, for
example, the basic network services, machine services (e.g.,
EpicsLog, boot server, Epics-SoftlOCs, etc.), management
services (e.g., database web services, monitoring, etc.) and
general services (e.g., Git, DELTA-Wiki, elog shift book, etc.).
An additional computer freed up by the server exchange also
functions as a Proxmox backup server and acts at the same
time as the third node in the Proxmox cluster to ensure high
availability and reliability. This means that the failure of one of
the above-mentioned services is automatically taken over by
the other server within the cluster. The new installation
partially replaces 13-year-old hardware and thus significantly
increases computing performance (e.g., for database access
and EpicsLog queries) and reliability. The new system has
been running for several months with high stability, minimum
maintenance effort and no downtime.
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Figure 1: Proxmox user interface

with running DELTA-specific
VMs.




e To ease with maintenance and
provide a more reliable software
environment, a new operating system
NixOS was evaluated. Our typical
distribution is generally based on ad-hoc
management of the operating system
configuration. After installation of the
software from the provided package
manager, multiple files have to be edited
to realize the needed features. Modern
cloud computing provides tools like
Ansible [3] to automate this process and
allow version control of the
configuration. But this can still lead to
errors because of the order of operations
or other side effects of changing the
configuration. NixOS takes a different
approach. The complete system con-
figuration is defined in a domain-specific
language called Nix (see Fig. 2, right).
This provides build recipes for all
software packages and all configuration
files. The configuration can then be put

{ config, 1lib,

imports =
../profiles/proxmox-vm.nix
../applications/room-booking
1;
nixpkgs.hostPlatform = lib.systems.examples.gnu64;
delta
vmid = 1005
project = "delta";
Y

networking {
useDHCP false;

interfaces.main = {
name = "enp6s18";

ipv4.addresses [
address = "129.217.175.66";
prefixLength = 27

P

defaultGateway = {
address = "129.217.175.65"
interface = config.networking.interfaces.main.name

nameservers [ "129.217.164.200" ];

# This value determines e Nix0S release from which

a, lik bcat

ase versi
ging this value read the d
on https://nixos.c

# Before a
man configuration.nix or
"24.05";

# (e.g.
system.stateVersion

Figure 2: Example of NixOS system configuration.

under version control, providing a complete, reproducible system configuration. NixOS
uses the Nix package repository [4] (nixpkgs) which provides more than 100,000 packages.
The repository supplies pre-build binaries, so only the configuration files for the system
need to be build. The Nix community provides many abstractions that make it easy to
extend NixOS with own software and system configuration. At DELTA we developed a
module for EPICS packages, which gives us an easy way to build EPICS base 3 and 7,
asyn, streamdevice, gateway server and more packages [5]. We also developed modules
for some of our own Python-based software (e.g., channel access library, epicslog).

A small number of virtual machines are already running NixOS, and the others will be
ported from the Debian-based OS in the future. Because the Nix package manager can be
used in addition to a distribution's package manager, it can also provide a consistent and
tested repository of facility packages that can be used by users and researchers on other

Linux-based distributions.

References

[1]
[2]
[3]
[4]
[5]

https://nixos.org
https://www.proxmox.com/en

https://github.com/NixOS/nixpkgs
https://epics-controls.org/

https://www.redhat.com/en/ansible-collaborative
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New Steerer Power Supplies for DELTA

G. Schmidt, A. Althaus, G. Dahlmann, C. Mai, H.-P. Ruhl, D. Schirmer

Zentrum flr Synchrotronstrahlung (DELTA), Technische Universitat Dortmund

Figure 1: A comparison of the
DELTA (left) and DESY (right)
power supply unit.

The DELTA steerer power supplies were an adaptation of a
previous DESY power supply design (see figure 1) that allowed
higher currents (10 A) with reduced voltage (20 V) instead of 3.5
A, 120 V of the original DESY device. The power supplies are
current regulated, using 12-bit DACs. The backplane connections
and software communications are completely identical between
the two developments. With the higher output current thermal
problems occurred on some components of the power supplies at
DELTA, therefore additional cooling was installed years ago to
reduce the failure rate of the power supplies, but the problem was
not solved satisfactorily. The alignment initiative of the dipole
and quadrupole magnets [1] significantly reduced the average
and peak currents of the steerer power supplies, necessary to
achieve the design orbit. Now nearly all steerer power supplies
are at values which can be delivered with the original DESY
power supply. 64 steerer power supplies have been obtained in

2023 from DESY out of the heritage of HERA. Tests have been made during this year and it
has been shown that the DESY power supplies can be easily adapted to the DELTA control
system. The regulation step width of the output current is smaller and the regulation accuracy
of the DESY power supplies is better, because the same digital resolution is used for a smaller
maximum current. In the near future we will exchange a significant number of steerer power
supplies to the DESY type. After modifying the device current limits in the orbit correction
program, it was shown that operation with mixed DELTA and DESY steerer power supplies is
possible without any problems. In addition to the higher regulation accuracy we expect to profit
from the many spare components we obtained with the delivery from DESY.

We want to thank particularly the DESY MKK group for their support and the transfer of the

steerer power supplies.

References:

[1] Progress on survey and alignment of the DELTA magnets and vacuum chambers, G.
Schmidt et al., DELTA annual report 2020
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Space-Charge-Enhanced Energy Modulation at Free-Electron Lasers
S. Khan
Zentrum fr Synchrotronstrahlung (DELTA), Technische Universitidt Dortmund

As an external activity, an experimental investigation [1-3] of the effect of longitudinal space
charge (LSC) at FERMI, a free-electron laser (FEL) user facility at Elettra Sincrotrone Trieste
in ltaly [4], was conducted. In this context, a new method to enhance an initially small laser-
induced energy modulation was proposed and investigated experimentally.

Seeding of FELs with laser pulses improves the longitudinal coherence of the FEL output and
reduces pulse-to-pulse fluctuations of pulse energy, arrival time, and central wavelength
compared to self-amplified spontaneous emission (SASE) [5]. In the high-gain harmonic
generation (HGHG) scheme [6], the interaction with a laser pulse in a first undulator
(“modulator”) creates a sinusoidal modulation of the electron energy, which is converted to
periodic microbunches in a dispersive section (“chicane”) — see Fig. 1 (a). Lasing takes place
in a second long undulator (“radiator”) tuned to a harmonic of the initial seed laser wavelength.

If the chicane is followed by a drift section, LSC causes a debunching effect, i.e., it broadens
the microbunches, thus reducing their bunching factor. On the other hand, LSC also flattens the
correlated energy spread of the electrons between the microbunches (Fig. 1 (b)), which may be
advantageous for harmonic generation [7]. If the drift section is long enough, the correlated
energy spread rises again with opposite sign (Fig. 1 (c)), which can be used to create new
microbunches in a second chicane (Fig. 1 (d)). Simulation studies suggest that the bunching
factor of the new microbunches may be larger than that of the original ones. After a drift length
d, the amplitude of energy modulation A(d) normalized to the energy spread is given in a
simplified model by

A(d) =[s|-d — A0),

where s is the approximately constant LSC-induced normalized energy change per drift length.
The counterintuitive result is that the final modulation amplitude after a given drift length is
larger when the initial modulation amplitude A(0) is smaller. This is because the zero-crossing
of the correlated energy spread, as shown in Fig. 1 (b), happens at shorter distance, leaving
more of the remaining drift length for the modulation with opposite sign to develop.

Thus, the scheme presented here is attractive when the initial energy modulation amplitude is
small, e.g., in seeded FELs with high repetition rate, or to recover from the debunching effect
in a drift section.

100 | (a) (b) (c) (d)

. [ \
VUTTIN

-50

rel. energy offset

100 s=0.0m 6.3m 17.0m 17.7m

0 200 400 0O 200 400 O 200 400 0O 200 400
z (nm) z (nm) z (nm) z (nm)

Figure 1: Phase-space distribution of electrons (energy offset versus longitudinal position) after laser-
induced energy modulation and a dispersive section (a), after additional drift under the influence of
longitudinal space charge (b,c), and after a second dispersive section (d).
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An experimental investigation of this yet unexplored regime has been conducted at the FEL-1
beamline of FERMI, where the first chicane was tuned for optimum HGHG signal, and the
longitudinal dispersion Rse(2) of the second chicane after a drift section was scanned. The
measurements were repeated under variation of the seed pulse energy, the peak current of the
electron bunch, and the number of undulators acting as FEL radiator.

Figure 2 shows an example. As expected, the signal is strongly reduced with nonzero Rse(2)
and rises again with the condition shown in Fig. 1 (d), followed by a tail consisting of many
merging secondary peaks. The pulse energy around Rse(2) = 50 pum is significantly higher than
the HGHG signal with zero Rse(2). A dip near Rse(2) = 30 um hints that the underlying physics
is more complex than described above, requiring a more detailed analysis of the data and maybe
further measurements.

-
o
]

pulse cnergy (ud)

0 20 40 60 80 100 120 140 160 180 200
(2)
RS(: (pm)
Figure 2: Example of scanning the longitudinal dispersion Rss(2) of the second chicane while recording

the FEL pulse energy after 6 undulators, i.e., the maximum available radiator length. Here, the seed
pulse energy was 11.8 pJ and the peak current was about 1700 A.

Acknowledgements

The kind hospitality of the FERMI team is gratefully acknowledged, particularly the guidance
provided by P. R. Ribi¢ during the measurements.
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Worldwide first EEHG Signal at a Storage Ring

S. Khan, B. Busing, A. Held, C. Mai, A. Radha Krishnan,

W. Salah”, Z. Usfoor, V. Vijayan
Zentrum fur Synchrotronstrahlung (DELTA), Technische Universitat Dortmund
* The Hashemite University, Zarga, Jordan
Until recently, the short-pulse source operated at DELTA [1,2] was based on coherent harmonic
generation (CHG) [3], where the interaction between ultrashort laser pulses and electrons in an
undulator (“modulator”) results in a sinusoidal modulation of the electron energy. A dispersive
section (“chicane”) leads to a density modulation (“microbunching’) and coherent emission of
ultrashort radiation pulses in a second undulator (“radiator’) tuned to a harmonic of the laser
wavelength.

Echo-enabled harmonic generation (EEHG) [4] was proposed in 2009 as a seeding scheme for
free-electron lasers and was demonstrated at several linac-based facilities [5-8]. However, it
can also be adopted for storage rings to generate ultrashort radiation pulses as proposed in [9-
14]. The scheme is based on a twofold laser-electron interaction leading to a more complex
density pattern and higher laser harmonics compared to CHG — see Fig. 1.

In summer 2022, the electromagnetic undulator U250 at DELTA was rewired for the SPEED
project (Short-Pulse Emission via EEHG at DELTA) to undertake the worldwide first
demonstration of EEHG at a storage ring. A single insertion device with a length of only 4.75 m
and 38 periods now comprises two modulator sections, two chicanes and a radiator section. The
calculated magnetic field, transverse beam excursion, and the integrated matrix element Rsg
measuring the strength of magnetic chicanes are shown in the left part of Fig. 2 [15].

As sketched in Fig. 2 (right), pulses from a Ti:sapphire laser system are frequency-doubled by
SHG (second-harmonic generation) resulting in residual 800-nm pulses for the first energy
modulation and 400-nm pulses for the second one. The interaction of both pulses with the
electrons was demonstrated in September 2022 with coherent emission at a wavelength of
267 nm [16]. This was a first indication of the EEHG process, since the emission wavelength
is not a harmonic of the 400-nm pulses and both pulses were required to produce the signal.

a) HGHG / CHG b) EEHG

laser modulator radiator laser modulator laser modulator radiator
" ! | [ :
~ ~

chicane

chicane

Figure 1: Magnetic configuration for CHG (left) and EEHG (right) with respective phase space
distributions (i.e., relative energy offset AE/E versus longitudinal coordinate z in units of the laser
wavelength 1) and longitudinal distribution of the final normalized electron density o/ o.
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Figure 2: Left: Calculated magnetic field (top), horizontal electron path (center), and integrated Rsg
matrix element (bottom) as function of position along the undulator U250 for CHG and EEHG. Right:
Paths of laser pulses (red and blue) and the resulting EEHG pulses (magenta), which are detected by an
in-vacuum grating spectrometer equipped with a microchannel plate (MCP) and a CCD camera [17].
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Figure 3: Left: Scans of the delay between 400- and 800-nm pulses with (red) and without (blue)
interaction with the electrons while recording signals at 160 nm and 114 nm (above: raw data from the
spectrometer). Right: Signal at 160 nm as function of the Rse value of the second chicane. For maximum
Rss, the calculated phase space distribution is shown below.

After the first results in 2022, the project was plagued by technical issues involving significant
investment and delay. It took until June 2024 to demonstrate first EEHG signals at shorter
wavelengths, 160 nm and 114 nm [18]. In Fig. 3 (left), the respective signals are shown under
variation of the delay between the two laser pulses. One of the two lines at 160 nm persists even
after applying a common delay of 200 ps, i.e., without laser-electron interaction. This line is
interpreted as harmonic generation in upstream dielectric mirrors [19]. The signal at 144 nm is
only present when both laser pulses overlap with the same electrons. The right part of Fig. 3
shows an Rsg scan of the second chicane, where the maximum of the 160-nm signal is barely
reached, but increasing the chicane strength further tends to distort the electron orbit.

The present layout with only 4 periods per undulator, moderate Rse values, and limited laser
power is not ideally suited for EEHG. An equally short setup with permanent magnets would
enable more undulator periods improving the energy modulation and radiation output.
Nevertheless, the setup at DELTA allows to study the consistency of measurements and theory
in view of future EEHG applications at storage rings. The relative energy modulation and the
Rse range can be improved by reducing the electron energy at the expense of beam lifetime [20].
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Progress of the Superconducting Wiggler Operation

G. Schmidt, A. Althaus, B. Beyer, B. Busing, G. Dahlmann, T. Dybiona, A. Erpelding, P.
Hartmann, S. Khan, V. Kniss, A. Leinweber, C. Mai, M. Paulus, H.-P. Ruhl, D. Schirmer, T.
Schulte-Eickhoff, C. Sternemann
Zentrum fur Synchrotronstrahlung (DELTA), Technische Universitat Dortmund

In summer shutdown 2020, the old 5.5-T superconducting asymmetic wiggler (SAW) with 5
periods was replaced by a new superconducting wiggler (SCW) with ten full 7-T symmetric
periods [1]. It was shown that the old wiggler outlet chamber was not able to withstand the
high-power radiation fan of the new SCW which delivers four times the radiation power of
the old SAW. In recent years, the maximum field of the new wiggler has therefore been
limited to 5 T during beam time.

To enable the SCW to operate at
maximum field, some improvements to
the wiggler outlet chamber and radiation
shielding were required. The new design
of the chamber was developed in
cooperation with the engineering office at
the department of physics of TU
Dortmund, the company FMB in Berlin,
and the DELTA group. The new chamber
was delivered in its final version in
summer 2024, approved, and directly
installed in the summer shutdown (July to

Figure 1: New wiggler outlet chamber and photon September 2024) at the storage ring (see
absorber area. Fig. 1).

The shutdown was also used for the
exchange of wearing parts of the SCW
which have been operated now for more
than 3 years.

The chamber was placed with high
metrological accuracy to its final
mechanical position in the storage ring
coordinate system by use of reference
marks and planes as well as a high-
precision water level and a laser tracker.
Exchangeable copper absorbers take the
main load of the radiation power. The
water flow and temperature of all absorber
cooling channels are monitored and
displayed in the control system (see Fig. 2). An interlock is triggered if the water temperature
reaches a critical value or the water flow gets too low.

Figure 2: Water flow, pressure and temperature control
of all absorber cooling circuits.
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During tests at small beam currents with the old wiggler chamber and fields of the new device
above 5 T, it was observed that the radiation background outside the shielding wall increased
Wlth the f|eld of the wiggler. To allow for operation above 6 T, additional shielding was

! T necessary. A lead housing around all components which
could be hit by the wiggler radiation was therefore
installed (see Fig. 3) and integrated in the personal
interlock system of DELTA.

= After the new chamber was installed, the beam lifetime
recovered very fast. After only two weeks of operation,
beam lifetimes comparable to those before the
installation were achieved as shown in Fig. 4. To enable
this short recovery of the beam lifetime, a bake-out of
the chamber at a temperature of 270 °C had been
| performed for more than four weeks between the
. installation of the outlet chamber at the storage ring and

the first electron beam operation. The SCW with the new
outlet chamber was then operated with up to 6 T. As
expected from the design, only one absorber shows an
increase in cooling water temperature of about 5 °C. The
alignment of the chamber is well within the specification
so that the radiation is nearly perfectly transmitted

Figure 3: Radiation shielding hutch
enclosing the new outlet chamber and the
three hard x-ray beamlines.

through the chamber.
30 T T T T T T '
&
+
25F i + T ]
+
+
L + 6
20 + 10
s g
£ 15 . o i
B w +
= © *
} + +
10} ; - 107 R 1
+ L
*
*
5k .
+
0 L M I I * .8 1 I 1 L M
o e N AD o A5 N ] o AD o AD o A2 N AD
,LNQ‘?'Q 'J)“QQ o '\0Q 1&_\0 1&,'\\0 1&:\'\ o \'lQ o 1&,090 T&_QQ q}\.\QQ o ’L“A\ ° ’1}“\\ o \’lg ,lb‘:\'l
QS) 'LQ qp rLQ rLQ ’LQ rLQ 'LQ qp rLQ rLQ QS) rLQ 'LQ rLQ rLQ

Figure 4: Left: Development of the electron beam lifetime at 100 mA stored beam current. Right: Pressure over
time in the new outlet chamber at 100 mA stored beam current..

The radio frequency power was adapted to the higher beam power consumption allowing
now an operation with one or two cavities and a beam current of 140 mA with a magnetic
field of 5.5 T.

The first weeks of user operation with a field of 5.5 T lead to an increase of the flux at
beamline 9 of around 30 % at a photon energy of 27 keV. Beamline 10 profits from an
increase of 75 % at 14 keV. Beamline 8 is now able to operate at photon energies up to 27
keV (at 5 T, the maximum energy was 22 keV) and profits from a higher intensity and the
improved signal-to-noise ratio of the measurements. To further increase the magnetic field in
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user operation, additional work is needed to improve the beamline and monochromator
cooling.
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High energy EXAFS at DELTA beamline 8

D. Lutzenkirchen-Hecht
Faculty of Mathematics and Natural Sciences-Physics Department, University of Wuppertal,

Gauss-Str. 20, D-42119 Wuppertal, Germany

EXAFS is a well-established method to obtain the atomic short range order and the chemical valence
of a selected element within solid, liquid or even gaseous materials [1]. So far, the energy range for
EXAFS investigations was limited to higher energies because of the limited magnetic field of the
superconducting wiggler SCW (i.e., 5.0 T) and the resulting horizontal width of the emitted radiation
at higher energies (see, e.g. [2]). While beamline 9 operated by the TU Dortmund is located in the
center of the horizontal fan, the spectroscopy beamlines BL8 [3] and BL10 [4] are aligned +15 mrad
to both sides, so that BL8 and BL10 will directly profit from a higher magnetic field and the resulting
increase of the radiation fan horizontal width.

Here we will present first EXAFS experiments at the Pd K-edge (24350 eV) and the Ag K-edge (25514
eV), respectively, measured for an increased magnetic field of 5.6 T in the wiggler and an accordingly
larger horizontal radiation fan. The Si(311) monochromator of BL8 was used together with Ar-filled
ionization chambers, and Ag and Pd metal foils with different thickness served as samples. A typical
scan took about 30 minutes for an energy range of 1400-1600 eV around the related edges. In Fig. 1,
an experiment at the Ag K-edge is presented for a 20 um Ag foil, and in Fig. 2, a 5 um thick Pd foil
was studied.
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Fig. 1: Example for a transmission mode EXAFS experiment at the Ag K-edge (25514 eV) of a 20 um
Ag metal foil. A scan range of 1600 eV was measured within about 30 minutes of experimental time.
In the insets, the extracted k3-weighted EXAFS fine structures y(k)*k® as well as the magnitude of the
Fourier-transform |FT(y(k)*k?)| of the data are presented (k-range for the FT: 2.08 A1 <k < 11.6 A%).
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Fig. 2: Example for a transmission mode EXAFS experiment at the Pd K-edge (24350 eV) of a 5 um Pd
metal foil. A scan range of ca. 1400 eV was measured with a total of about 30 minutes of integration
time. In the insets, the extracted k3-weighted EXAFS fine structures y(k)*k® as well as the magnitude
of the Fourier-transform |FT(y(k)*k?)|of the data are presented (k-range for the FT: 1.60 A < k <
14.0 A).

Clear fine structure oscillations characteristic for both Ag and Pd are detectable, respectively, and the
FT provides information about the nearest neighbor environment of the samples. In particular the
measurements from the relatively thin Pd foil with an edge jump of only about 0.2 are very promising
for future investigations of real samples such as catalysts, with small concentrations of the active
metal center. For example, we plan to conduct experiments on Ag-containing catalyst materials for,
e.g. lignin depolymerization [5]. Furthermore, also studies of thin film growth processes by reactive
sputtering are planned [6]. Last not least, we will investigate the feasibility of EXAFS experiments at
even higher energies such as at the Sn K-edge at 29200 eV, e.g., for structure investigations of
superconducting NbsSn thin films [7].
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Time-resolved X-ray absorption spectroscopy at DELTA beamline 10

D. Litzenkirchen-Hecht, S. Paripsa, L. Voss, F. Braun, F. Eckelt

Bergische Universitdt Wuppertal — Fakultat fir Mathematik und Naturwissenschaften, Gaul-Str. 20, 42097
Wuppertal, Germany.

In a continuation of previous experiments, we have further investigated the feasibility of time-
resolved X-ray absorption spectroscopy (quick-EXAFS) at beamline 10. In general, quick-EXAFS scans
are measured on-the-fly, while the monochromator with the channel-cut crystal is moving at a
constant speed, and each data point is integrated for some few milliseconds only. This technique is
thus eliminating all overheads associated with the normal point-wise detection of an energy scan,
resulting in acquisition times in the order of 30 seconds and less for an EXAFS spectrum extending
over about 1000 eV, with a scan speed of about 30 eV/s [1, 2]. Therefore, quick-EXAFS is a valuable
technique for, e.g., time-resolved investigations of chemical reactions [3], battery charging and
discharging [4], and corrosion processes [5].

Thanks to the high photon flux available at the superconducting wiggler at DELTA beamline 10, that
has been further improved in 2024 by an increase of the magnetic field of the wiggler from 5.0 T to
5.6 T in the standard user operation, we have analysed the resulting opportunities for time-resolved
EXAFS studies accordingly. Here, a 5 um thick gold foil served as a model sample, and spectra were
collected for different scan speeds and scan ranges covering the L-edges of gold (11919 eV, 13734
eV, and 14353 eV, respectively). While the ionization chamber in front of the sample was filled with
nitrogen at atmospheric pressure, the second ionization chamber behind the sample was filled with
argon. In Fig. 1, some selected spectra measured with different scan speeds are presented. The
integration time per data point was set to 50 ms, 10 ms and 7 ms, respectively, to lead to an
adequate number of data points in the scan, i.e., a step width substantially smaller than 1 eV. As can
be seen, an increase in the scan speed from ca. 16.9 eV/s (resulting in a total time of about 70 s for a
single spectrum), to 66.5 eV/s (18 s) and 100 eV/s (12 s) does not lead to a smearing of the features
in the edge or much more noisier absorption fine structure data k3-y(k), as can be seen in the insert
in Fig. 1. Clear fine structure oscillations are detectable up to ca. 16 A above the edge, allowing a
meaningful EXAFS data analysis.
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In a second series of experiments, the energy width of the spectra was extended, so that not only the
L3-edge is scanned, but also the L2 and the L1 edge, respectively. Some selected data are presented
in Fig. 2, with the last scan covering 3700 eV in energy within 30 s only. Again, an excellent data
quality was obtained, as can be deduced from the fine structures extracted at the L1-edge, that are
shown in the insert. Keeping in mind that the edge step at the L1-edge is only 20% of that at the L3-
edge, and an accordingly reduced intensity of the extracted EXAFS oscillations y(k)*k?, the obtained
results are very promising for investigations of multi-elemental samples such as high- and medium-
entropy alloys [6], or other complex materials such as batteries [7] or catalysts in time-resolved
EXAFS experiments.
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An X-ray diffraction study on the structure of neat linear alkylamines

Lena Friedrich?!, Michael Paulus?, Aurélien Perera?, Martina PoZar3, Christian Sternemann?

1Fakultdt Physik/DELTA, TU Dortmund University, 44221 Dortmund, Germany
2 Sorbonne Université, Laboratoire de Physique Théorique de la Matiére Condensée (UMR CNRS 7600), F75252, Paris cedex
05, France 3 University of Split, Faculty of Science, 21000 Split, Croatia

Amines are associative liquids capable of forming supramolecular structures through hydrogen
bonding [1], which is essential for biochemical processes, providing stability in biomolecules like
proteins and peptides and playing a key role in structuring molecular liquids [2]. Amines, significant in
industrial applications and pharmaceuticals, are used in processes like amine scrubbing to remove
gases such as hydrogen sulfide and carbon dioxide [3]. A frequently studied class of compounds that
also form supramolecular structures through hydrogen bonding are monohydroxy alcohols [4-6].
Although linear amines and mono-ols share structural similarity due to their alkyl tail, significant
differences are observed in their X-ray diffraction (XRD) patterns, namely the difference in the intensity
of the so-called pre-peak. In this study, the reason for the weak expression of the pre-peak of the
amines in comparison to that in the mono-ols is investigated with the aid of XRD studies and
calculations of the scattering intensities based on computer simulation data [7].

The linear amines propylamine, butylamine, pentylamine, hexylamine, heptylamine, octylamine and
nonylamine were filled into borosilicate glass capillaries with a diameter of 1.5 mm. The wide-angle
XRD experiments were performed at BL9 at DELTA with an incident energy of 20 keV (A = 0.61992 A).
For detection a MAR345 image plate scanner was used. Measurements were also taken both in air and
with a helium pathway to reduce background scattering. Additional small-angle X-ray scattering (SAXS)
measurements for propylamine to octylamine were carried out at an energy of 12 keV at BL2 at DELTA.

The diffraction patterns of propylamine to

Propylamine

0.6/ Butylamine nonylamine are shown in Fig. 1. The combined
Pentyl i
Heu:mnn: pattern of SAXS and the two WAXS

Heptylamine
Octylamine

measurements (with and without a He path) is
displayed. In addition to the main peak typical
of liquids, a broad, flat pre-peak can be seen.

Nonylamine
0.4 The main peak’s position can be found at
. around 1.4 A-1 and is the result of atom-atom
'g ~ correlations typical for liquids. The pre-peak
= 03| position shifts to smaller wave vector transfer

0.5 1

g with increasing carbon chain length from

/ propylamine to nonylamine. The occurrence of
021 — _ a pre-peak is typical for transient molecular
// association and indicates a supramolecular

0.1] — structure formation. Its position ranges from
) //‘ about 0.54 to 0.36 A-1. Interestingly, the pre-

peak is significantly weaker in intensity than in
previously studied mono-ols which indicates a
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Figure 1: XRD patterns of propylamine to nonylamine. The
different shades of color represent the different
measurements: SAXS (lightest shade), WAXS with He pathway
(medium shade) and WAXS with air scattering (darkest
shade). The graphs are shifted vertically for better visibility.

reduced clustering [6].
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I ' ' - To further investigate the

ol — | = Total reason for the significant
E 0'2__ - E"I’E“‘;Hm' difference in the pre-peak
.y | — Tail behavior between amines and
'bir mono-ols, calculations of the
._.E 0 I diffraction intensities based on

0 ' [}:5 ' i ' ]15 ' é molecular dynamics simulations

were carried out [7]. Figure 2
shows the calculated partial
Figure 1: Breakdown of the intensity into head group contribution (red), alkyl scattering  contributions  for

chain contribution (blue) and mixed contribution (green) using octylamine as an octylamine. In black the total
example. The total intensity is shown in black. Modified from [7]. scattering intensity is displayed

k(A

as a function of the wave vector
k which shows only a flat pre-peak. This is due to the polar head (red) and cross correlation (green)
contributions which exhibit significant features in the vicinity of the pre-peak’s g-range with opposite
sign, so that they strongly cancel out, causing only a small pre-peak in the total intensity patterns.
Moreover, it is found that owing to the fact that the amines have a more restricted geometry for
formation of hydrogen bonds caused by the amine head group in comparison to the linear hydroxyl
group, the formation of larger clusters is suppressed, which is in strong contrast to the observations
for mono-ols. A detailed analysis and discussion of the results can be found in a recent publication [7].
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Ultra-high molecular weight polyethylene (UHMWPE) is a polymer with a high number of
entanglements because of its high molecular weight. Consequently, UHMWPE is associated with a
pronounced elasticity. The elastic properties of UHMWPE have a significant contribution to its flow
behavior. Furthermore, the high number of entanglements leads to a lower crystallinity compared
to a polyethylene (PE) with a lower molecular weight. A so-called disentangled UHMWPE (dis-
UHMWPE) has a lower number of entanglements than conventional UHMWPE. Therefore, the
viscosity shortly after melting should be reduced which facilitates processing.

In our work, we focused on the dynamics of melting of a dis-UHMWPE in comparison to
conventional UHMWPE grades. Small angle and wide angle X-ray scattering (SAXS/WAXS) were
carried out in order to elucidate the temporal evolution of the microstructure during melting of these
UHMWPE grades with different degrees of entanglements.

WAXS measurements were performed at beamline BL9 of the DELTA synchrotron radiation
source. For static measurements we applied the MAR345 image plate detector at a distance of
about 330 mm from the sample position to cover the amorphous peak together with the [110] and
[200] reflections of polyethylene. The incident X-ray energy was set to 27 keV and a beam size of
0.8 x 0.7 mm? (h x v) was used. The samples were prepared in sealed glass capillaries of 1.5 mm
diameter and mounted into a Linkam stage temperature-control unit. The SAXS investigations
were carried out at beamline BL2 utilized with the corresponding MAR345 detector setup with an
incident energy of 12 keV and a beam size of 0.5 x 0.5 mm?2. Sample treatment and temperature
control was identical to the WAXS experiments.

Both, SAXS and WAXS data show differences between dis-UHMWPE and commercial UHMWPE.
SAXS data revealed the highest long period for the diss=UHMWPE, which results from a higher
crystallinity and a high molecular weight.
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Figure 1. Long period L as a function of temperature T for the polyethylene grades with different average
molecular weights. The open symbols reflect the state after recrystallization. The molecular weights are 0.6 x
108 g/mol for GUR 4018 and 4118, 1.7 x 108 g/mol for GUR 4112, 1.9 x 108 g/mol for dis-UHMWPE and
4.7 x 108 for GUR 4120.
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WAXS data revealed one major difference, which was not observed before. During the first heating
of the nascent dis-UHMWPE, the intensity of the [110] and [200] peaks of the WAXS data first
decrease and then increase again with temperature at about 80°C. On the contrary, during the
second heating of dis-UHMWPE the Bragg peaks monotonically decrease with temperature. For
the conventional UHMWPE grades we observe the onset of the intensity increase only at much
higher temperature about 120°C at first heating.
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Figure 2. WAXS pattern as function of temperature for (a) first and (b) second heating of dis-UHMWPE and
(c) first heating of GUR® 4120

We interpret this effect by a local rearrangement of chain segments and a growth of existing
crystals during heating of nascent dis-UHMWPE. This is verified by the fact that the crystal size,
which was calculated by using Scherrer's equation, starts to increase at 80 °C for dis-UHMWPE.
For the commercial UHMWPE a higher temperature is needed to initiate the growth of crystals,
because of the higher number of entanglements the mobility is only sufficiently high at a higher
temperature. Consequently, during the first heating cycle the remaining crystallinity of the
commercial UHMWPE at 140 °C is higher, because the mobility is so restricted that more
time/temperature is needed to initiate melting. This effect is denoted as “superheating” for
UHMWPE and is less pronounced for the dis-UHMWPE, because of its higher mobility.
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Multilamellar lipid vesicles and proteins play a central role in biomedical research due to their unique
properties and various applications. Lipid vesicles serve as useful models for the study of biological
membranes and are also of interest for targeted drug delivery [1,2].

Human serum albumin (HSA) is the most common protein in human blood plasma and can bind various
molecules such as drugs, fatty acids, and hormones, making it an important model protein for
transport and release studies [3-7].

Perfluorocarbons (PFCs) such as perfluorodecalin (F-Decalin) are also of great interest in research for
biomedical applications due to their physicochemical properties. PFCs are characterized by their high
oxygen solubility and inertness, which makes them ideal candidates for applications such as oxygen
transport and diagnostics [8]. The combination with lipid vesicles or transport proteins enables the
development of innovative systems for targeted drug delivery, oxygen therapies and imaging
techniques that can potentially increase the effectiveness of modern therapies [8]. However, the
interaction between these three components is currently relatively poorly understood.

To investigate the interactions between F-Decalin and possible transport vehicles, the small-angle X-
ray scattering method (SAXS), which was carried out on beamline BL2 [9], is used.

For the study, HSA (CAS number: 70024-90-7, Sigma-Aldrich) was used at a concentration of 10 mg/ml
dissolved in Sorensen buffer [10]. On the other hand, multilamellar vesicles were produced from the
zwitterionic lipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (CAS number: 63-89-8, Avanti).
The powdered DPPC was dried in a rotary evaporator for several hours and then dissolved in S6rensen
Buffer in an ultrasonic bath to form multilamellar vesicles. The resulting sample solutions were then
measured using SAXS and subsequently flushed with F-Decalin (CAS number: 306-94-5, Sigma-Aldrich)-
saturated nitrogen for a limited period.

The prepared samples were then filled into a borosilicate glass capillary (¢ 1.5 mm) and were placed
in a temperature-controlled sample environment (Linkam Stage) [11]. All SAXS measurements were
performed at a temperature of 25 °C. SAXS images were acquired with an exposure time of 350 s. The
SAXS data were detected by a MAR345 image plate detector (marXperts, Norderstedt, Germany) at an
incident photon energy of 12 keV with a beam size at the sample position of (0.5 x 0.5) mm? (h x v) and
a sample detector distance of 1562 mm. Measurements were also carried out in a pure buffer solution
to determine the scattering background.
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Figure 1: Left: SAXS data of HSA before and after flushing with F-Decalin. Right: The Guinier regions with the
corresponding fit to the data (black lines).

First, the influence of F-Decalin on the protein structure of the HSA was analyzed. The corresponding
SAXS curves are shown in Figure 1 (left), while the resulting Guinier regions with the corresponding fit

33



to the data (black lines) are shown on the right. The sample solution was analyzed once before flushing
with F-Decalin and then after flushing for different lengths of time.

The curve in the Guinier range shows a linear behavior for the untreated HSA, which indicates a
monodisperse system. A fitting results in a gyration radius of R; = (2.88 + 0.01) nm. After the
addition of F-Decalin, however, there is a clear deviation from the linear course, especially at low g
values where the intensity increases significantly. This clearly indicates a polydisperse system, which
contains large clusters due to aggregation of the proteins. A simple radius of gyration is therefore no
longer meaningful. Even if the sample is stored in an air atmosphere for 14 hours after treatment with
F-Decalin, the aggregation can no longer be reversed, which indicates an irreversible disruption of the
protein structure by the F-Decalin. The destabilizing effect of F-Decalin was also observed with the
protein lysozyme (data not shown).

Finally, the influence of F-Decalin on multilamellar DPPC -

vesicles was investigated. The corresponding SAXS signal e iszcmm F-Decalin
is shown in Figure 2. Based on the positions of the three 304 + 10 min F-Decalin
Bragg reflections, a regular lamellar structure and an
approximate diameter of the multilamellar vesicle of
approx. 382.68 A can be assumed. After the reference 251
measurement, the system was flushed once with F-
Decalin for 2 minutes and then again for 10 minutes. The
sample was measured again after each flush. It can be
seen that after flushing with F-Decalin, the regular
lamellar structure of the vesicle remained the same. Only 151
the half-widths decrease minimally, which would indicate
improved order and homogeneity. Consequently, a slight

2.0 1

I(q) [a.u.]

stabilisation effect of F-Decalin can be inferred. 0

Furthermore, the peak positions shift minimally to higher

g-values, which is accompanied by a decrease in the 0.5

distance between neighboring layers of the multilamellar A _

vesicles, suggesting more densely packed layers. After a
further rinse with F-Decalin, these effects are minimally
reduced again.
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Figure 2: SAXS data of multilamellar DPPC
In summary, it can be concluded that F-Decalin has a  vesicles before and after flushing with F-Decalin.
destabilizing effect on proteins, while it might have a minimal stabilizing effect on the lipid vesicles but
causes no other significant structural changes.
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The globular protein human serum albumin (HSA) is the most frequently occurring protein in the
human blood, which contributes to the osmotic colloid pressure, regulates the blood pH and acts as a
plasma transporter for various substances [1-3]. Due to its ability to bind and transport hydrophobic
substances through the bloodstream, it is of particular interest in medicine and pharmacy as a
potential nanocarrier for various drugs [4-7]. For example, Abraxane is a drug where nanoparticles of
HSA are produced under high hydrostatic pressure [8].

To investigate the interactions between hydrophobic substances and the protein, pressure-dependent
measurements using the small-angle X-ray scattering (SAXS) method were performed at beamline BL2
[9]. The pressure-dependent measurements serve as an indirect indicator of the interaction between
the substances and the protein, via the denaturation behavior of the proteins.

For the study, HSA (CAS number: 70024-90-7, Sigma-Aldrich) was used at a concentration of 10 mg/ml
in pressure-stable 25 mM Bis-Tris buffer (CAS number: 6976-37-0, Sigma-Aldrich). In addition, 5 mM
ibuprofen (CAS number: 15687-27-1, Sigma-Aldrich) were added in solubilized form. The prepared
samples were then filled into sample holders and placed directly into the high-pressure cell [10]. All
pressure dependent SAXS measurements were performed at a temperature of 25 °C. After closing the
pressure cell, the pressure was increased in steps of 250 bar to a final pressure of 3500 bar and SAXS
images were acquired with an exposure time of 300 s each. The SAXS data were collected using a
MAR345 image plate detector (marXperts, Norderstedt, Germany) at an incident photon energy of
12 keV with a beam size at the sample position of (0.5 x 0.5) mm? (h x v) and a sample detector distance
of 1568 mm.

The pressure-dependent SAXS data for the fatty acid-free HSA (A3782) and HSA (A8763) mixed with
fatty acid are presented as examples in Figure 1. Furthermore, the calculated Guinier plots are
presented in the inset plots. At low pressures, the typical shape curve of a globular protein can be
identified in both cases. At higher pressures, the curves reveal a shift in the slope, with the fatty acid-
free HSA showing a change at p = 1000 bar and the HSA at p = 2500 bar. At these specified pressure
points, the proteins lose their typical globular shape. Additionally, a change in the slope can be
observed in the Guinier region too, indicating an increase in the radius of gyration. Moreover, a
reduction in intensity is noted, which can be attributed to a decrease in the scattering contrast
between the protein and the compressed water phase.
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Figure 1: Pressure-dependent SAXS data of the samples HAS A3782 (left, fatty acid free) and HSA A8763 (right). The insets show
the Guinier regions with corresponding fit to the data (black lines).

The pressure-dependent radius of gyration, which were determined by a Guinier analysis of the SAXS
data at low q values is shown in figure 2. As can be observed, the radius of gyration at ambient pressure
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is found to be approximately Rz = 2.9 nm for all samples, which is in accordance with the documented
characteristics of a folded heart-shaped structure of human serum albumin (HSA) [11].
Furthermore, it is notable that the structure of the fatty

acid free HSA remains stable only up to about 1000 bar. 3.34 I
This is evidenced by a significant increase in the radius 321 o
of gyration above 1000 bar up to R; = 3.3 nm, which - ! I 1 1
indicates denaturation. At higher hydrostatic pressures, £ I 1

a slight unfolding of the protein structure into the F- ;cn” 1=

Form occurs [12], caused by the penetration of solvent 2913t = %

molecules into the cavities of the HSA protein [13]. In 2.81 X T o
comparison, HSA mixed with fatty acid stays stable up 971 ¥ ¥ v t1=1

to 2500 bar. 0 500 1000 1500 2000 2500 3000 3500
Meanwhile, the structure of the fatty acid-free protein p / bar

remains unaffected over the entire pressure range 2 Bhuohlyed b Tawhivyedd Y Wbl
when the drug ibuprofen is added. It can therefore be  Figure 2: Pressure-dependent radius of gyration,
concluded that hydrophobic substances such as which were determined by a Guinier analysis of the
ibuprofen increase the pressure stability of the protein SAXS data at fow g values.

structure. The main reason for this is the interaction of the hydrophobic substances with the
hydrophobic core of the HSA. Depending on the geometry and hydrophobicity of the added substance,
the cavity volume of the protein is filled to a higher level so that by increasing the pressure fewer
solvent molecules can penetrate and the protein structure is not affected.

A more detailed description of the results and the influence of other hydrophobic substances such as
caffeine or histamine can be found in the following article [14].
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In living organisms, proteins are important building blocks that can take on many different
functions. They often move in densely packed environments and constantly interact with many
other molecules. In order to investigate protein dynamics in cell-like systems, for example using
X-ray photon correlation spectroscopy (XPCS), various sugars can be used as model
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Figure 1, top: Concentration-dependent SAXS data of DEX100 in aqueous
solution. The lines show the fit by equation 1. Bottom: Correlation lengths
obtained from the fit of equation 1 for the different samples.
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molecules that do not interact
specifically with the proteins, but
mainly  restrict the space
available for protein diffusion.
Typical representatives are, for
example, dextrans which consist
of branched chains of
polysaccharides. The chain
length can vary significantly
depending on the molecular
weight of the dextran. Dextrans
are highly soluble in water and
are used in medicine as well as
in the manufacture of cosmetic
products due to their
biocompatibility. Another
macromolecule that can be used
in the study of densely packed
environments is so called Ficoll®,
a sucrose  epichlorohydrin
copolymer which is also used in
medicine. Compared to dextran,
it is more highly branched and
therefore has a more compact
structure in aqueous solution.

In small-angle X-ray scattering
(SAXS) experiments, the
structure factor S(q) of well
soluble polymer chains in
agueous solution can be
described by

S(@)=S(0)/(1+(a§") (1)

with the wave vector transfer g,
the correlation length ¢ and the
exponent b, which varies
between 1.7 and 2 depending on



the polymer chain. If the polymers are highly diluted in aqueous solution, € is linked to the
radius of gyration of the polymer chain, while increasing polymer concentration can lead to an
overlap of the individual chains and € only describes the space available for a single chain
segment. ¢ is therefore a variable that is strongly dependent on the concentration of the
polymer in solution.

At the beamline BL2, various dextrans (DEX2.5, DEX10, DEX40, DEX100 and DEX500, where
the number stands for kg/mol) as well as Ficoll® 70 and Ficoll® 400 were investigated in
aqueous solution as a function of concentration using SAXS. Concentrations in a range
between 1 wt% and 35 wt% were used. The photon energy was 12 keV and the sample-to-
detector distance was about 1.5 m. The beam size was set to 0.8 x 0.8 mm?. The exposure
time was between 60 s and 180 s, depending on the concentration of the polymer. To
determine the scattering background, a scattering profile of pure water was recorded and the
scattering intensity was subtracted from the measurements with polymer. Figure 1, top shows
an example of a concentration series for the DEX100. The data was normalized to the integral
of the total scattering intensity. All data were fitted using equation 1. It was found that for all
dextrans the decrease in intensity in the Porod-region (high qg) scaled with b=1.91 while for
both Ficoll® samples b= 2.6 was found, indicating a more compact structure of Ficoll®
compared to the dextrans. Figure 1, bottom shows the correlation lengths of the different
polymers resulting from the fits of equation 1 as a function of concentration. It is clear that at
low polymer concentrations there are strong differences between the observed correlation
lengths &, which are caused by the different molecular weight of the polymers. However, as
the concentration increases and the polymer chains touch each other, the different molecular
weights and polymer types become less important and all the curves overlap.

The results obtained from this study will now be used in a further step to interpret the dynamics
of proteins in a crowded environment measured at the European XFEL.
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Starch has a wide range of application for example in food, cosmetics, and textile
industries due to its unique properties of gelling, thickening, binding, and stabilizing.
This polysaccharide is an essential component of food plants like wheat, rice, corn,
and potato [1]. The heat-induced gelatinization of starch, in which the structure of the
granules changes from crystalline to amorphous, is particularly important for the
resulting quality of starch-containing foods [2]. Following this structural evolution is the
key to understanding the interaction and aggregation of starch molecules.

Revealing the dynamic processes such as particle motion and relaxation during
gelation can be done by performing X-ray photon correlation spectroscopy (XPCS) at
P10 (DESY) and ID02/ID10 (ESRF). To gain insights into their nanoscale organization
during heating and cooling in preparation for the XPCS measurements, small angle X-
ray scattering (SAXS) experiments were conducted at beamline BL2 of the synchrotron
radiation source DELTA [3]. Using a photon energy of 12 keV the experiments were
performed under varying thermal conditions and salt concentrations. The combined
use of SAXS and XPCS offers a comprehensive approach to studying starch systems,
supporting advances in food science and biotechnology.

Four sample systems were prepared for this study: corn starch at 100 mg/ml in water,
corn starch at 120 mg/ml in water, corn starch at 100 mg/ml in a 2M NaCl solution, and
corn starch at 120 mg/ml in a 2M NaCl solution. The measurement protocol included
rapid heating of the samples from room temperature to 60 °C at a rate of approximately
15 °C per minute. This was followed by slower heating from 60 °C to 80 °C at a rate of
approximately 5 °C per minute. The samples were then held at 80 °C to observe
gelatinization phase. This was followed by a slow cooling down to room temperature
at a rate of 2 to 5 °C per minute.
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Figure 1: SAXS intensities of 100 mg/ml starch solutions during heating from room temperature,

25°C, (blue) to 80°C (red) (a) without addition of NaCl to the solution and (b) with 2 M NaCl within
the solution.
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In Figure 1 the SAXS intensities of 100 mg/ml starch (a) without NaCl and (b) with 2 M
NaCl collected during heat treatment are shown. For all samples, sedimentation
appeared to have occurred prior to heating, which was expected since starch is water
insoluble. This results in a weak scattering signal before thermal treatment. For low
temperatures the SAXS curves exhibit a strong scattering peak at approximately 0.7
nm-'. This peak arises from the semicrystalline starch structure, where linear and
branched macromolecules are organized radially in form of granules with an average
lamellar thickness of approximately 9 nm [4][5]. These structures are lost during the
gelation process, which is reflected in a change in the shape of the SAXS curves, but
especially in the disappearance of the peak at higher temperatures. In this way, the
temperature at which gelation sets in can be determined. Gelation in the presence of
NaCl is observed to begin at higher temperatures compared to samples without NaCl,
suggesting that salt may stabilize the starch structure or alter hydration effects.
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Figure 2: SAXS intensities of starch solutions containing (a) 100 mg/ml and (b) 120 mg/ml starch
during heat treatment from room temperature, 25°C, (blue) to 80°C (red).

In Figure 2 the SAXS intensities of solution containing (a) 100 mg/ml and (b) 120 mg/ml
are visualized. In terms of concentration effects, the differences between the 100
mg/ml and 120 mg/ml starch samples are relatively minor. However, the peak at e.g.,
64 °C seems to be less pronounced in case of the 120 mg/ml sample, indicating that
higher starch concentrations appear to promote earlier gelation, potentially due to
increased polymer interactions.

In conclusion the initial temperatures for gelatinization processes of starch were
determined and the influence of starch and salt concentration on this effect was
investigated. These results will now be used to perform XPCS experiments at ESRF
and DESY to gain insights into the dynamics of the system at the temperatures of
interest.
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Proteins and lipids are the most significant biomolecules in living organisms, as they are responsible
for all physiological functions. To comprehend the biochemical processes of an organism, it is essential
to understand the structural conformation of proteins and lipids, the factors that influence alterations
in structure, and the interactions between protein and lipid interfaces. Some diseases are caused by
the adsorption of proteins to lipid layers, as exemplified by the acute respiratory distress syndrome
[1]. To identify suitable therapies for this type of diseases, it is important to understand biochemical
processes in living organisms. This knowledge can help to answer current questions in the
pharmaceutical industry as well as in bio- and nanotechnology, i.e. the development of new
therapeutic options, biosensors, protein chips, implants, contact lenses, nano-carrier systems, or
immunoassays [2,3,4].

In this study, the adsorption of the protein human serum albumin (HSA) on substrate-bound lipid
bilayers was investigated. HSA (CAS number: 70024-90-7, Sigma-Aldrich) is a surface-active plasma
protein that is primarily found in the blood. It plays a key role in regulating pH and transporting a range
of substances [5,6,7]. Lipids are amphiphilic macromolecules that can self-assemble into a variety of
structures within an aqueous environment. They represent the primary components of cell
membranes. Solid-supported lipid systems consisting of lipid bilayers are well established as
biomimetic models to study various biological processes at membranes [8,9]. To create the model
membrane, a lipid solution of the zwitterionic phospholipid 1,2dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) in an organic solvent (CAS number: 18194-24-6, Avanti) was applied onto a
(10 x 18) mm? hydrophilized silicon wafer. Subsequently, a spin coater was used to generate a highly
ordered and stable bilayer [10,11]. The prepared substrate-bound lipid layers on silicon substrate were
mounted in a custom-made polytetrafluorethylene-sample cell and studied by X-ray reflectivity (XRR)
to analyze their structure at the solid/liquid interface. The cell was installed at the six-circle
diffractometer of beamline BL9 at DELTA. At beamline BL9, XRR measurements were utilized to
investigate the interaction between the protein and the lipid membrane, as well as the structural
changes in the bilayer in an aqueous environment at pH 7, in situ. The XRR data were collected using
a PILATUS 100k area detector (Dectris, Baden-Dattwil, Switzerland) at an incident photon energy of 27
keV with a beam size at the sample position of (1.0 x 0.1) mm? (h x v) up to wave vector transfers of
.= 0.7 AL, All measurement were performed at room temperature.

The influence of protein concentration and pH on the structural changes of the lipid membrane during
protein adsorption was examined. Figure 1 (left) presents the Fresnel-normalized reflectivities as a
function of the HSA concentration, as well as the electron density profiles resulting from the fit function
(black curve) with a schematic drawing of the lipid membrane (right). All data were analyzed using the
LSFIT program [12]. The electron density profile exhibits a bilayer shape, which is characteristic of the
lamellar phase of lipid membranes. Additionally, a notable asymmetry is observed, whereby the inner
head group exhibits a consistently higher electron density because of van der Waals interactions with
the silicon dioxide (SiO;) layer present on top of the silicon substrate. The addition of HSA results in a
significant structural change in the lipid membrane. We observe an increase in electron density in the
tail groups and the outer head group, accompanied by a compression of the outer lipid layer, which
reduces the overall thickness of the bilayer. In contrast, the electron density of the inner head group
decreases. If the protein concentration increases further, the formed membrane structure remains the
same, indicating that the adsorption sites are saturated, and no additional proteins can be absorbed at
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the interface due to repulsive interactions between the adsorbed proteins and the proteins in the
solution.
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Figure 1: Left: Fresnel normalized XRR curves of concentration-dependent HSA measurements at DMPC
bilayer. XRR curves shifted vertically for better visibility. Right: Corresponding electron density profiles
including a schematic of the bilayer structure.

Furthermore, the impact of pH value was also investigated. From previous measurements in the
absence of proteins, it was shown that a reduction in pH does not result in any substantial changes to
the solid-supported DMPC bilayer structure [13]. Nevertheless, when HSA is present, a reduction in pH
results in a notable effect on the membrane structure (see Figure 2). After addition of HSA, a significant
structural change in the membrane occurs at a pH value of 7 due to the integration of HSA into the
membrane. A further reduction in the pH value results again in a change in the membrane structure.
It causes an increase in electron density, roughness, and layer thickness. The change in the membrane
structure between pH 7 and lower pH values can be explained by the pH-dependent conformational
transition of the protein from a heart-shaped to an unfolded structure in the bilayer.
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Figure 2: Left: Fresnel normalized XRR curves of pH-dependent HSA measurements at DMPC bilayer. XRR
curves shifted vertically for better visibility. Right: Corresponding electron density profiles.

In addition to the analysis of the adsorption of the HSA protein, other proteins, including lysozyme and
immunoglobulin G, were also examined. The analysis and subsequent interpretation of the
comprehensive XRR data are ongoing.
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Amines are associative liquids that can form supramolecular structures via hydrogen bonding [1]. This
property is crucial for biochemical processes, as it influences the organization of molecular liquids and
contributes to the stability of biomolecules [2]. Amines are widely used in industry, e.g. for gas removal
[3]. Despite their structural similarity to monohydroxy alcohols [4], linear amines and mono-ols exhibit
significant differences in their X-ray diffraction (XRD) patterns, notably in the extent of the pre-peak
[5]. The addition of water to amines fundamentally changes the pre-peak behavior and thus the
underlying structure within the liquid [1]. This study investigates the qualitative changes in
supramolecular structure formation in amine-water mixtures as a result of water content and
temperature.

The linear amines propylamine, butylamine, pentylamine, hexylamine, heptylamine, octylamine,
nonylamine, and their mixtures with up to 33 vol% water (70 to 84 mol%, depending on the amine)
were filled into borosilicate glass capillaries (2 1.5 mm). XRD experiments were carried out at BL8 of
DELTA with an incident energy of 14 keV, corresponding to a wavelength of 0.8856 A. The mixtures
were placed in a temperature-controlled sample environment (Linkam Stage). The scattered intensity
was detected by a MAR345 image plate detector. Diffractograms of twelve mixing ratios were taken
for each amine. In addition, the temperature dependence was measured for each amine type for two
mixing ratios (20 vol% and 33 vol%).

025] T The diffraction patterns of hexylamine-water
mixtures are presented in Fig. 1. The most
noticeable observation is the significant
increase in pre-peak intensity with increasing
water concentration, even surpassing the
liquid’s main peak. This is accompanied by a
decrease in peak width and a shift of the pre-
peak position to smaller wave vector transfer g.
While pure hexylamine only exhibits a broad
and weak pre-peak, adding only small amounts
of water induces a remarkable change in shape
05 10 15 20 25 30 and position. Since the occurrence of a pre-peak

q/A in associating liquids is closely linked to the

Figure 1: XRD patterns of hexylamine-water mixtures. The formation of supramolecular clusters this
different shades of color represent the different ratios of water P !

in mol%, going from pure hexylamine (yellow) to the mixture indicates that water acts as a structure former
with 79 mol% of water. in amines. Molecular dynamics simulations

suggest that the nitrogen atoms adhere to the surface of the water pockets, stabilized by the unique
arrangement of water-nitrogen pairs at the amine-water interfaces.
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During the investigation of the mixtures, o o]
deviating behavior also occurred in addition 0

to the phenomena already described. Fig. 2 ° S i o8
displays the diffraction patterns of el . 0.6 1
nonylamine-water mixtures. While the — 65 04|
mixtures up to 70 mol% water show the IE _ ;3

behavior exemplified in Fig. 1, very sharp = 04 _ g; o]
peaks and a clear increase in intensity can be

observed for the mixtures with more water.

These Bragg peaks including higher-order

maxima can be seen in the inset of the figure
indicate the transition to another phase,
which brings with it a certain degree of long-

05 10 15 20 255 3.0
q/A™t
range order. In fact, the literature refers to Fi'gure 2: XRD patterns ofnonylamine—wgter mixtu:jes. The
L . . different shades of color represent the different ratios of water.
the presence of a liquid-smectic phase in The mixtures with high water content show Bragg-like peaks as
amine-water mixtures, comparable to that well as maxima of higher order, as shown in the inset.

found in liquid crystals [6].

In addition to concentration-dependent measurements, temperature-dependent experiments were
carried out on the mixtures, as exemplarily

] 100
shown for 78 mol% octylamine-water mixture in B
Fig. 3 measured in a temperature range from 0°C 4 a0
to 100°C. Additionally to the already mentioned 127
Bragg peaks, now appearing at low temperature, 1.0

some different effects are noticeable at high %

"

£
temperatures. On the one hand, there is a L
change in trend in the pre-peak position, as can

Temperature (°C)

r40

be seen in the inset. From around 70°C upwards, 041

its position shifts back to larger g. On the other 0.2 20
hand, an increase in intensity in the higher g 00

range from about 2 A~ can be found. Both are 05 10 15 20 25 30

-1
signs that a further phase, the two-liquid phase, a/A
is being passed through. In this phase, demixing Figure 3: Temperature-dependent XRD patterns of the 78 mol%

. . .. octylamine-water mixture. At 100°C an increased intensity in the high
effects occur, which reduce the effective mixing ) .
g range can be observed. The inset shows the pre-peak behavior in

ratio. detail, with the arrows underlining a trend change in the peak
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Freezing is a widely employed method to extend shelf life during storage in both the food and
pharmaceutical industries. In the pharmaceutical sector, frozen storage enhances flexibility in
filling and processing procedures [1]. In the food industry, freezing helps preserve nutritional
content, texture, taste, and color [2], as lowering the temperature slows down chemical
reactions and microbial growth [3]. Macromolecules play a critical role in products from both
fields. Cooling macromolecules in solution can lead to phenomena such as buffer
crystallization or phase separation, which may disrupt the native structure and functionality of
these macromolecules. Consequently, understanding the effects of freezing on
macromolecular structure is of significant interest.

To address this, two distinct sample systems were studied. The first sample system consisted
of concentrated ferritin solutions. Ferritin, a hollow-spherical protein with an outer diameter of
12 nm, can store up to 4500 iron atoms in its cavity [4], serving as an iron storage protein in
the human body. Ferritin in a saline solution containing 9 g/L NaCl was bought from Sigma
Aldrich (F4503). Through centrifugation the ferritin solution was concentrated to final protein
concentrations of 70 mg/ml, 190 mg/ml, and 270 mg/ml. The second sample system used was
egg yolk plasma, the liquid fraction of egg yolk, which consists of approximately 85% low-
density lipoproteins (LDLs) and 15% glycoproteins [5]. LDLs are spherical particles with a
diameter of approximately 22 nm, composed of a monolayer of apoproteins surrounding
triglycerides and cholesterol esters [6]. To extract egg yolk plasma, fresh eggs were purchased
from a supermarket, and the yolks were centrifuged at 10 000g for 48 hours. This process
allowed the large granules to settle, enabling the separation of the plasma. The plasma was
analyzed in its pure form and in a 50:50 mixture with glycerol, which acted as a cryoprotectant.

Temperature dependent structural changes in these sample systems were investigated using
small-angle X-ray scattering (SAXS). SAXS measurements were conducted at beamline BL2
of the DELTA with a photon energy of 12 keV. The scattering signal of a SAXS experiment is
determined by two components, the protein’s form factor P(q) and the effective structure factor
Se(q):  I(q)~ri® N P(q) Sedq) [7], where g denotes the scattering vector
qg=4m /A -sin(0). P(q) gives information about the particle’s expansion in solution and Se#(q)
about interactions between the solution’s components. With increasing particle concentration,
the interactions within the system become stronger and the S(q) gets visible in form of a
correlation peak at g = gmax, Where the correlation length & = 21/q reflects the typical particle
distances within the solution.

Fig. 1 (a) shows the SAXS intensities for the 70, 190 and 270 mg/ml ferritin solution at 25°C
(red) and -22°C (blue). Comparing the intensities collected at the two different temperatures,
a development of a pronounced correlation peak is observed at -22°C. Both the amplitude of
the correlation peak and the g-value for gmax increase. Since this reflects an increase of
repulsive interactions as well as a reduction of the correlation length within the system, it
becomes apparent that areas of very high protein concentration develop during cooling down.
This phenomenon is known as freeze concentration, which was already observed in ferritin
and lysozyme solutions [8][9]. Decreasing the temperature causes a part of the water
molecules in the solution to form a crystalline ice phase. The proteins and the remaining water
molecules are excluded from this ice phase, resulting in very highly concentrated amorphous
phases. As the concentration of the initial ferritin solutions increases, the correlation peak is
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even more pronounced and shifted to higher g-values, which indicates even more

concentrated ferritin regions within the partly frozen solution.
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Figure 1: Scattering intensity of (a) ferritin solutions with protein concentrations of 70 (dashed dotted lines), 190
(dashed lines) and 270 mg/ml (solid lines) at room temperature (25 °C) (red) and at -20°C (blue) and (b) egg yolk
plasma at room temperature (red) and -25°C (blue) for pure plasma (solid lines) and a 50:50 mix of plasma with
glycerol (dashed lines). The SAXS intensities were shifted on the y-axis in order to display the comparison of the
curves more clearly.

The shift in the correlation peak is also visible when egg yolk plasma is cooled, as shown in
Fig. 1 (b), whereas when glycerol is used, which prevents the formation of an ice phase, no
shift can be seen. In this special case a second effect is observed. This is illustrated more
clearly in Fig. 2, which displays the SAXS intensities during cooling down with smaller
temperature steps. A peak develops at 1.6 nm™ when temperatures fall below -5°, as indicated
by the black arrow. Similar effects were observed in solutions of human LDL where a phase
transition is detected at temperatures between 15 - 30 °C [10]. In SAXS studies the evolution
77 | of a peak at 0.16 A" was observed [11], which
was attributed to a layering of the normally
isotopically organized cholesterol esters
inside the LDL particle [12]. This results in a
three-layer internal lamellar structure with 3.6
nm distance between the layers [6]. Since the
observed peak in this study of yolk LDL arises
at similar g-values, it is reasonable to assume
that a layering of cholesterol esters within the
LDL particles also occurs due to a cool down
of the yolk plasma. In this case, however, the
temperature for the phase transition is at
significantly lower temperatures between -5
°C and -10 °C. After reheating the system, the
peak disappears which indicates the
reversibility of the transition.
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Figure 2: SAXS intensities of egg yolk plasma without
glycerol during cooling from 10 °C (red) to — 20°C
(blue). The dashed black line represents the SAXS
intensity after heating up to 10 °C.
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By reaction of LiH with carbon black in an Eu/Li flux, single crystals of Eu;LiCsH were
obtained. The compound crystallizes in the Ca;LiC3H type structure!!l in the tetragonal space
group P4/mbm (no. 127) with Z = 2. It consists of C=C=C*" and isolated H~ anions (Figure 1,
left). A close inspection of the low temperature single crystal structure data reveals that a phase
transition to an orthorhombic modification occurs (Pbam (no. 55), Z = 4), which has not been
reported for the calcium congener. This phase transition can be described by a group-subgroup
formalism, as developed by H. Béirnighausen (Figure 1, right).!>]
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Figure 1. Left: crystal structure of Eu2LLiC3H at RT (blue: Eu, purple: Li, black: C, grey: H);
right: group-subgroup scheme of the phase transition of Eu2LiC3H between RT and 240 K.

To analyse this phase transition in more detail with a specific focus on the Li mobility in
dependence of the temperature, synchrotron powder diffraction data was recorded at beamline
BL9 of the DELTA synchrotron facility. They reveal an almost “textbook-like” behaviour. The
splitting of some reflections (Figure 2, left) as well as the occurrence of additional
superstructure reflections is clearly visible. The resulting lattice parameters of the Rietveld
refinements are plotted in Figure 2 (right). They show that the phase transition starts at approx.
240 K upon cooling. While the ¢ parameter shows the expected decrease upon cooling, the
tetragonal a parameter is split into dortho and bortho. Note: above the phase transition temperature,
arer is multiplied by V2 in Figure 2 (right) for a clearer presentation. A close inspection of the
structural changes reveals that the Li" cations show the highest mobility upon heating, which
also affects the orientation of the C3* anions. Currently, we are investigating the structural
behaviour of Eu;LiCsH at temperatures above RT as well as some of its properties like
magnetism or thermal stability.
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Figure 2. Left: sections of synchrotron powder diffraction patterns of Eu2LiC3H upon cooling;
right: lattice parameters of Eu,LiC3H upon cooling as extracted by Rietveld fits. For details,

see text.
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Cemented carbide is a commonly used cutting material, but its production is expensive and
energy-intensive [1]. Particularly the elements cobalt and tungsten are scarce and often
originate from ethically problematic sources [2-4]. Intensive research is therefore being carried
out into alternatives, with natural rocks showing considerable potential [5-6]. These offer
ecological and economic advantages, as many energy-intensive production process steps have
already been performed by nature. Their suitability depends on their mineral composition,
microstructure and texture influenced by rock formation [7]. The natural rocks investigated
were flint (sedimentary), lamellar obsidian (magmatic), two quartzites (metamorphic) and pure
quartz. All investigated rocks have a significantly high SiO; content above 90 %. Previous
investigations have proven that rocks can be used as cutting material under suitable conditions
[5, 6, 8-11]. Parameters such as tensile strength, hardness and texture are decisive for their
machinability. Grinding tests with diamond-bonded grinding wheels showed that smaller grain
sizes and higher grain concentrations improve the cutting-edge quality. Natural rocks are
especially suitable for machining soft materials such as polyetheretherketone (PEEK) and
aluminum alloys [8]. Lubrication and high cutting speeds (up to 1000 m/min) can reduce wear
mechanisms such as material adhesion and abrasion. Preliminary results show that TiN thin
films applied by PVD increase surface hardness and improve performance [10]. To obtain a
comprehensive understanding on the crystallographic structure of TiN on the natural rocks,

high resolution 2D XRD measurements were performed at BL9.

Figures 1 and 2 illustrate the two-dimensional diffraction data from synchrotron experiments.
The diffraction pattern of uncoated lamellar obsidian shows only a diffuse scattering ring,
characteristic of glassy SiO2. The synchrotron data of all crystalline natural rocks show low
Si0; reflections (spacegroup: P3,21); in particular, the (100), (101) and (112) reflections are
detectable. These reflections appear as distinct intensity spots for the highly crystalline quartz.

Similarly, uncoated alta quartzite and silver quartzite show pronounced intensity spots along
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the characteristic Laue rings indicating the presence of large crystallites. In addition, the
quartzite diffraction data contain reflections of layered aluminosilicate compounds.

In the case of the uncoated flint sample, the Laue ring pattern is consistent with a polycrystalline
material, with SiO> being the main phase. For all coated natural rocks, the two-dimensional
diffraction patterns contain characteristic TiN reflections with an fcc structure and reflections
of the natural rock substrates. The substrate reflection positions vary significantly between
uncoated and TiN-coated quartz, a typical phenomenon when measuring large crystallites with
different orientations. The TiN reflections, especially the (111), (200), (220) and (311) planes,
exhibit a distinct intensity pattern. Similar intensity distributions can be observed for all TiN-
coated natural rocks. The (111) and (200) reflexes show higher intensity at azimuth angles of
45°, 90°, and 135°, while the (220) reflex is more intense between 55° and 125° [12]. The

distinctive intensity pattern indicates a strong texturing of the TiN thin film [13].

TiN (cubic)
® Rock substrate

(a)

Uncoated Coated with TiN
90
(b)

)
==
=

Lamellar obsidian

0 180 0 (111) (200) 180

T T T T T T i T T T T
30 20 10 0 10 20 30 30 20 10 0 10 20 30

Flint

Alta quartzite

Figure 1. Two-dimensional diffraction pattern of different samples obtained by synchrotron
experiments: (a) uncoated lamellar obsidian, (b) TiN-coated lamellar obsidian, (¢) uncoated flint, (d)
TiN-coated flint, (e) uncoated Alta quartzite, (f) TiN-coated Alta quartzite. (Reproduced from [12]
under the terms of the CC BY 4.0)
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Silver quartzite

Figure 2: Two-dimensional diffraction pattern of different samples obtained by synchrotron
experiments: (a) uncoated quartz, (b) TiN-coated quartz, (c) uncoated silver quartzite, (d) TiN-coated

silver quartzite. (Reproduced from [12] under the terms of the CC BY 4.0)

Analyzing the microstructure of TiN thin films on natural rocks is essential to gain insights into
the crystallographic orientation and texturing of the thin films on the different substrates.
Understanding these correlations is crucial as the interaction between substrate properties and
film growth has a major influence on the formation of the structural features of the deposited
TiN thin films. Particularly, the correlation between the mineralogical characteristics of the
substrate and the resulting thin film properties provides valuable information about the
mechanisms that allow to improve the cutting performance of TiN-coated natural rocks for

machining applications.
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Investigating the long-range structural evolution of multivariate ZIF-76 derivatives
during exothermic melting and glass formation properties

Guogiang Li, Sebastian Henke*
Anorganische Materialchemie — TU Dortmund, Otto-Hahn-Str. 6, 44227 Dortmund

1. Scientific context

Melting, the transition from a crystalline solid to a liquid, is a critical process in materials science
with widespread applications, particularly for glass manufacturing!”. Thermodynamically it is
described as a first-order phase transition occurring at the melting temperature (T), where the Gibbs
free energies of solid and liquid phases are equal. While the well-known Lindemann criterion!?
attributes melting to atomic vibrations exceeding a critical amplitude, it does not account for
mechanical instability, a significant factor in porous materials such as zeolites and metal-organic
frameworks (MOFs).

Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs built from divalent metal ions (e.g.,
Zn**, Co*) and imidazolate-based linkers®l. Their porous nature, while advantageous for
applications, reduces mechanical stability and influences melting behaviour”. Most meltable ZIFs
collapse irreversibly during melting due to internal stress relaxation and framework destabilisation!®..
This collapse introduces additional entropy and reduces the melting temperature below predictions
based solely on thermal vibrations!®..

ZIF-76 (Zn(im)(Clbim), im~ = imidazolate, Clbim~ = 5-chlorobenzimidazolate; Figure 1), a high-
porosity framework, does not melt in its pure form due to strong linker interactions!”. To overcome
this, we synthesised multivariate ZIF-76 derivatives (Zn(im)x(Clbim),(WBL); x + y + z = 2) by partially
replacing the Clbim~ linker with a weaker binding linker (WBL). This modification enabled exothermic
melting of the porous framework, followed by glass formation upon cooling. The exothermic
behaviour likely results from substantial internal stress release during melting. In the present study,
we investigate the structural evolution and thermal properties of these ZIF-76 derivatives using
variable-temperature powder X-ray diffraction (VT-PXRD) at beamline 9 of DELTA and differential
scanning calorimetry (DSC), shedding light on their unique melting and glass formation mechanisms.

(c) § Weaker binding linkers
“ _Inorganic | (WBLs)

~—N

building unit N/N?”

ZnN,

NN
L

5-azabim~

. |_ Conventional
JST, ZIF-76 linkers

N
Clbim- (\/[9>
X N
N

N"e'N 4-azabim-

¢ LYY,

A e

Zn(im)(Clbim) im- y

Fig. 1. The LTA (Linde Type A) topology of the highly porous ZIF-76 (a) and its crystal structure (b). Unit cells
are shown as thin black lines. The void space (51.8% of the crystal volume) is calculated using Mercury
software with a probe radius of 1.6 A and a grid spacing of 0.2 A and is shown in pale yellow. The inorganic
and organic building units of ZIF-76 and weaker binding linkers are shown on the right (c).

2. Experiment setup and aim

The aim of the current proposal is to investigate the long-range structural evolution of meltable
multivariate ZIF-76 derivatives when heated across their melting point, with a particular focus on the
liquid phases formed during exothermic melting. We collected VT-PXRD data for 16 different ZIF-
76-im,Clbim,-WDL with varying fractions of Clbim~ exchanged by the WBLs 5-azabenzimidazolate
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(5-azabim~), 4-azabenzimidazolate (4-azabim™) or purine (pur”) in the temperature range from 25 °C
up to their melting temperature (300 °C to 460 °C) in steps of 10 to 25 °C (as appropriate) using the
Anton Parr heating stage with a graphite dome at beamline 9 of DELTA. After crossing the melting
temperature, the sample was returned to ambient temperature for another data collection to check
whether the sample maintained its amorphous (glassy) state after cooling the melt.

3. Results

Before this beamtime, we conducted thermogravimetric analysis (TGA) and DSC measurements
for ZIF-76 and its derivatives. Here, we present ZIF-76 (ZIF-76-im.13Clbimgsz) and two
representative derivatives (ZIF-76-im+.07Clbimg se4-azabimo ss and ZIF-76-im+ ¢sClbimg s95-azabimo 33)
to highlight the key results. For ZIF-76, Bragg peaks remain visible at 450 °C, although they become
weaker, indicating incomplete amorphisation via partial structural collapse upon thermal treatment.
This observation aligns with the DSC data, where the first upscan shows a weak exothermic signal
prior to the decomposition temperature. For the two-representative multivariate ZIF-76 derivatives,
the VT-PXRD patterns at 25 °C are consistent with the simulated pattern of the ZIF-76 crystal
structure, confirming their structural purity. Upon heating to the exothermic region observed in DSC,
the Bragg peaks disappear, indicating that the exothermic event is associated with amorphisation,
likely due to framework collapse. At the offset temperature of the exothermic feature in the DSC,
both ZIF-76 derivatives exhibit complete amorphisation, consistent with the melting of the materials.
Interestingly, the Bragg peak intensities of ZIF-76-im107Clbimose4-azabimess decrease and
disappear at ~400 °C, a temperature notably higher than that observed for ZIF-76-im+.0sClbimo 595-
azabimoss. This discrepancy can be attributed to the higher Zn—N binding energy of 4-azabim™
compared to 5-azabim™, as determined by supporting density functional theory (DFT) calculations.
The stronger Zn—N interaction in 4-azabim™ provides enhanced thermal stability, delaying the
collapse of the crystalline structure.
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Fig. 2. (a) The TGA (dotted line at the top, left vertical scale) and DSC (black and blue solid line for the 1st
and 2nd upscan, right vertical scale) trace of ZIF-76 (left), ZIF-76-im+.07Clbimo.se4-azabimo.ss (middle), and ZIF-
76-im1.08Clbimo.s95-azabimo.33 (right). The samples were cycled from 90 °C to 380 °C or 450 °C with a heating
rate of 10 °C min-1. (b) VT-PXRD data of ZIF-76 (left), ZIF-76-im1.07Clbimo.s94-azabimo.ss (middle), and ZIF-

76-im1.08Clbimo s95-azabimo.ss (right).

In summary, the data collected at beamline 9 enabled us to monitor the phase transitions of ZIF-
76 and various ZIF-76 derivatives. The results clearly indicate that weaker binding linkers lower the
collapse and melting temperatures of the porous frameworks.

The VT-PXRD data acquired during this beamtime are part of a manuscript that will be submitted
for publication soon. The authors thank the DELTA group for the granted beamtime and the beamline
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scientists C. Sternemann and M. Paulus for their invaluable support during the experiments.
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Alloy Development of Austenitic Stainless Steels for Additive Manufacturing
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Additive manufacturing (AM) builds parts layer by layer from CAD models, enabling complex
geometries, efficient material use, and reduced waste compared to smelting and powder
metallurgy techniques. Powder Bed Fusion-Laser Beam/Metal (PBF-LB/M) and Directed
Energy Deposition-Laser/Arc (DED-L/DED-Arc) offer unique benefits for processing metals,
including austenitic stainless steel AISI316L, valued for its corrosion resistance and mechanical
properties. However, this steel was developed for conventional arc welding, and its
processability, especially the microstructure formation process during the solidification and
the subsequent multiple heat insertion behavior of AISI316L under AM conditions, remains
underexplored, presenting opportunities for further optimization. Controlling the
microstructure is a key challenge in metal additive manufacturing (AM). Unlike conventional
methods, which involve uniform thermal conditions, AM processes are characterized by rapid
solidification and cyclic thermal exposure, leading to distinct microstructures. These
microstructural variations can occur across different AM techniques and within a single build
due to the complex thermal cycles caused by repetitive rapid heating and cooling. Such
variations influence grain size, phase distribution, and defect formation for austenitic stainless
steels, whereby all aspects are critical to material performance. Therefore, optimizing the
properties of AM parts requires a thorough understanding of how process conditions,
chemical composition, and microstructure interact [1, 2].

Austenitic stainless steels produced through PBF-B/M are often reported to exhibit a fully
austenitic microstructure. This outcome is attributed to the high solidification rate, which
kinetically favors austenite formation over ferrite. Despite primary ferrite formation being
thermodynamically promoted during solidification, its formation is bypassed due to the faster
growth kinetics of austenite under rapid cooling conditions. Ferrite provides advantages such
as a higher solubility for the elements sulfur (S) and phosphorus (P) and a lower thermal
expansion coefficient than austenite. Because of the higher solubility of S and P in ferrite, the
formation of low melting phases (FesP, FeS) and the hot cracking susceptibility can be thus
reduced. In this study, the alloy composition of 316L will be adapted for the PBF-LB process
by adjusting the nickel content, a key austenite stabilizer. Reducing the nickel content is
expected to promote primary ferritic solidification and facilitate the retention of the &-ferrite
phase in the PBF-LB/M processed microstructure despite the high solidification rate. [3]

Casted cylindrical samples with a diameter of 20 mm were developed using an Indutherm
MC16 melting furnace. The samples were used for surface remelting over a flat area of 100
mm? via PBF-LB/M utilizing Aconity MIDI (parameters see Table 2) to imitate the additive
manufacturing process concerning the last applied layer of a solid part. The chemical
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compositions of the investigated samples are listed in Table 3 and were determined by optical
spark emission spectrometry of the casted samples.

Table 3: chemical composition of casted samples in weight percentage (wt. %)

Laser Power (W)

Table 2: parameters for surface melting
120
800
0.08

The synchrotron XRD
diffractogram shown
in Figure 1 revealed
two

only phases,

austenite, and
ferrite, with &-ferrite
content decreasing
Ni

concentration

significantly as
increased. Sample 5
measured

with
different
experimental

was
separately

Element Cc Si Mn Cr Mo  Ni P S Fe
Scan Speed (mm/s)
Samplel 0.03 0.27 1.23 17.33 2.06 8.67 0.04 0.02 Bal Hatch distance (mm)
Sample2 0.04 0.35 1.61 1740 213 9.57 0.06 0.02 Bal Table 1: Ferrite phase content in each
. sample (vol.%)
Sample3 0.04 0.35 1.60 1740 2.14 10.65 0.06 0.02 Bal. Sample 1 | 55%
“Sample4 0.03 034 130 1737 223 11.90 006 002 Bal Sample 2 | 47 %
Sample3  30%
Sample5 0.03 0.31 1.21 1747 205 1290 0.04 0.02 Bal. Sample4 5%
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Figure 1: Synchrotron XRD diffraction peaks for the designed alloys
included due to misalignment with the other spectrums, it was nevertheless characterized in
terms of phase volume fractions. In Table 1, Sample 1, with the lowest Ni content (8.67 wt.%),
showed the highest 6-ferrite content (55 vol.%), while Sample 5, with the highest Ni content

parameters and

therefore it is not

(12.9 wt.%), had just 4 vol.%. Correspondingly, ferrite-related peaks in the spectra weakened

and disappeared at higher Ni levels, including a prominent peak at 20 = 17° absent in Samples
3 & 4. The findings indicate that Ni strongly stabilizes the austenite phase, suppressing &-

ferrite formation by altering the solidification pathway. These results highlight the potential
for microstructural tailoring through Ni content adjustment for each additive manufacturing

process depending on the different corresponding process conditions.
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Tools used in forming processes experience high mechanical and tribological stresses. Tailored
nanocomposites offer a high potential to enhance tool durability by improving wear resistance
and mechanical performance [1,2]. Among these, TiSiBCN thin films have demonstrated prom-
ising tribo-mechanical properties, dependent on their nanostructure [3,4]. Previous studies have
shown that the chemical composition of TiSiBCN influences its phase structure and, conse-
quently, the tribo-mechanical properties. However, mainly the effect of varying one element at
a time like N has been investigated [4]. By considering the sub-systems of TiSiBCN it becomes
clear that the phase formation is an interaction of the content levels of either B [5,6], C [7,8],
and N [8]. In a magnetron sputtering process using a Design of Experiments (DoE) approach,
varying B, C, and N, the impact of the chemical composition on the phase structure, which
ultimately influences the tribo-mechanical properties of TiSiBCN thin films was investigated.
Therefore, the phase structure was analyzed by x-ray diffraction (XRD).

The thin films were applied on high-speed steel (AISI M2) discs (d =30 mm, t =5 mm) with a
hardness of 60 HRC using an industrial magnetron sputtering device CC800/9 Custom
(CemeCon AG, Germany). To ensure a sufficient adhesive strength of the TiSiBCN thin films
a Ti/TiN/TiSiN interlayer system was applied [9]. Using a face-centered central composite de-
sign (CCD) with a central point the B content was changed by the cathode power P. of the
TiB2/TiS1; targets (ratio of 80/20 mol. %) on the levels 3, 4, and 5 kW, the C content by the
acetylene (C2H») and the N content by the nitrogen (N2) gas flow rate gconz2 on 5, 12.5, and
20 sccm and gn2 on 10, 40, and 70 scem, respectively, conducting a total of 15 experiments (see
Table 1).

Table 1: Factor levels of the cathode power P. on the TiB»/TiSi> targets, CoH, gas flow rate
gcom,and Ny gas flow rate gae

Factor Level
TiB2/TiSi, cathode power P, (kW) 3 4 5
C,H, gas flow rate qcam (sccm) 5 12.5 20
N, gas flow rate qn2 (sccm) 10 40 70

The crystalline structure was investigated with XRD at beamline BL9 of DELTA synchrotron
radiation source equipped with an image plate detector (MAR345) with a photon energy of
27 keV, beam width of 0.7 mm and height of 0.1 mm under an incidence angle of 0.5 °.
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Due to the TiN-based interlayer system, the diffraction angles show overlays and overlapping,
which complicates a precise analysis. Therefore, the substrate and interlayer patterns are addi-
tionally analyzed (see Figure 1). The pattern of the substrate exhibits a-Fe at 12.9° and MesC
metal carbides at 10.4°, 11.6°, 12.4°, 13.5°, and 18.4°. Ti/TiN/TiSiN exhibits a Bragg diffrac-
tion at 11.1°, corresponding to (111) B-Ti and (002) a-Ti, while the asymmetric reflection at
11.6° with a broader shoulder indicates (101) a-Ti from the first Ti interlayer. The broad TiN
(111), (200), and (202) peaks result from overlapping TiN phases in the TiN and TiSiN inter-
layers, with right-shoulder broadening attributed to TiN crystallites in the TiSiN interlayer [9].
The described Bragg diffraction can also be found in the TiSiBCN top layers. Overall, the XRD
patterns are very similar. The main differences appear at the angles from 10.5° to 11.0° and
17.3° to 18.0° as the intensity and distribution change. To examine the influence of the B, C,
and N content the thin films with the highest concentration of each were compared. The reflec-
tions in the mentionen 2@ ranges consist of cubic TiC (10.6°, 12.3°, 17.4°), cubic TiN (10.7°,
12.4°,17.6°) as well as cubic TiB (10.9°, 12.6°, 17,8°). A similar composition was observed by
Tsai et al. [10]. The main focus is on (111) as it shows the most pronounced changes. For
Ti26S19B46C4N12 with the highest B content (46.0 = 0.7 at.-%), the (111) and (202) reflections
shift toward lower angles indicating TiB superposition, which could be attributed to the incor-
poration of N in TiB [3,11]. Further, B incorporation into TiN broadens and diminishes the
(111) TiN reflection, likely from reduced crystallite size [12]. Additionally, B may form amor-
phous phases like a-BN and a-TiB2, inhibiting crystallite growth [3,8]. Ti19S17B2§C32N11, with
the highest C content (31.7 £ 0.4 at.-%), exhibits a shoulder formation for (111) TiC and a
broadening of (111) and (202) occours. In TiCN thin films, C promotes the formation of amor-
phous phases like a-C and a-CN, though TiC bonds increase with higher C content [13]. Shoul-
der formations and broadening of (111) and (202) diffractions suggest C incorporation into TiN
as a solid solution. In TiIBCN nanocomposites, C forms solid solutions of Ti(B,C) and Ti(N,C),
reducing crystallite size [8]. Overall, TiN remains the dominant crystalline phase due to its
lower Gibbs free energy [14]. Ti1sSisB22CoN4i, with the highest N content (40.6 + 0.4 at.-%),
shows a symmetric (111) TiN peak, as it is expected to be the main phase. The addition of N
transforms o-Ti to Ti2N and TiN, shifting a-Ti (002) peak to lower angles due to interstitial
incorporation [15]. Superposed peak broadening could reflect crystallite refinement and the
development of amorphous phases like a-C, a-CN, a-BN, a-SizN4, and a-TiB: with varying C,
N, and B content [3,5,8,16].

The noticed changes in peak position among the three XRD patterns reflect lattice distortion by
the interstitial incorporation of atoms or as a result of the formation of solid solutions induced

by the substitution of atoms, characterized by a peak shift towards smaller diffraction angles.
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Additionally, a variation in the degree of crystallinity or ratio of TiC, TiN, or TiB changes the
peak position and/or shape due to changes in intensities. Considering the potential nanocompo-
site structure, an increased ratio of amorphous-to-crystalline phase typically results in a reduced
crystallite size broadening the diffraction peaks. However, no definitive correlation between
phase composition and chemical composition has been identified. The XRD diffraction patterns
indicate varying amounts of crystalline Ti(C,N) and TiB phases, which are likely embedded

within different amorphous phases.
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Figure 1: XRD patterns of the AISI M2 substrate, the Ti/Ti/TiSiN interlayer, and the
TiSiBCN thin film systems with the highest B ,C ,and N content (left) and with the
enlarged (111) diffraction (right)

The chemical composition of the TiSiBCN thin films affects phase formation. The XRD anal-
yses performed at the BL9 were crucial for obtaining comprehensive understanding of the phase
evolution of TiSiBCN depending on the amounts of N, C, and B. In complementary investiga-
tions, it was observed that the structural properties of the TiSiBCN thin films affect the tribo-
mechanical properties. The introduced (C+N+Si)/(Ti+B) chemical ratio is indicated by rising
to a softer film with reduced hardness and elastic modulus. The DoE approach helps to predict

and optimize these properties for specific tool applications.
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Quasicrystalline materials (QCM) were discovered in the early 1980s and are therefore a
comparatively young group of materials. Because of their interesting properties, QCM have
been the focus of various research works. The thermal and current transport properties make
QCM ideal for instance for use in solar absorbers. Due to their unique atomic structure,
QCMs are also suitable for storing gases such as hydrogen. The low surface energy, which
leads to non-stick properties, has been investigated for use in frying pans and airplane trays
as an alternative to thermally susceptible PTFE. QCM are usually ternary alloys with
aluminium, zinc, cadmium, or titanium as the main constituent. The structure exhibits a
five-, eight-, ten- or twelve-fold symmetry that fundamentally differs from crystalline
materials. While atoms or molecules in crystalline materials are arranged in a periodic
structure that repeats in each of the three spatial directions as an identical pattern, the
elementary building blocks in QCM are arranged in an ordered but aperiodic structure.
Studies using XRD analysis revealed a unique pattern with sharp diffraction points that
exhibit the typical icosahedral or decagonal structure [1, 2]. Other studies showed that there
is a relationship between quasicrystals and the Penrose tiling pattern [1, 7|. However, the
fundamental relationships between the structure and the resulting properties of QCM are
not yet fully understood. Many QCM materials have already been discovered. They are
classified into two groups: Stable and metastable quasicrystals. Among them, metastable Al-
Cu-Fe alloys with striking pentagonal facets, following an icosahedral (fivefold) symmetry,

are mostly interesting and most-studied due to their favourable properties at low cost [3].

To incorporate surfaces of tools and components with QCM, thermal spray processes can be
used in a very efficient way. Several studies have been conducted to determine the unique
combination of physical and mechanical properties of these materials, such as high micro
hardness, low coefficients of friction, low thermal and electrical conductivity as well as non-
stick properties [3, 8]. However, QCM are complex alloys with individual elements having

also very different properties, such as density and melting point for example. In addition,
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they are very brittle and partially metastable. This complicates their processing by means
of thermal spraying. In addition, the production of QCM is complex and costly due to the
complex equilibrium compositions in ternary phase diagrams and the lack of clear guidelines
for synthesis.

In this study plasma spraying (PS) of quasicrystalline (QC) Al-Cu-Fe powders with irregular
structure and a size fraction of 40 — 63 pm was performed and investigated to explore the
potentials of the material to produce sliding wear resistant and low friction coatings with
anti-stick properties as part of a master's thesis. The powder feedstock was derived from a
novel manufacturing process that enables the production of such powders on a large scale.
Cross-section images taken by scanning electron microscopy (SEM) and a particle size

distribution (PSD) of the powder, determined by laser diffractometry are demonstrated in

Figure 1.

PSD (fraction: 63 +40 pm)
100 —

Cum. freq. distr. [%

’ : -0
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Particle size (upm)

Figure 1: Effect of the spray parameters on the QC coating properties.

The percentiles of this powder fraction are: dip = 22.4 pm, dso = 34.6 pm and dgo = 53.4
pm. It features an acceptable flowability when it was transferred from the powder feeder

system into the plasma spray gun.

A “One Factor at a Time (OFAT)” parameter study was conducted to find suitable plasma
spray parameters to process the QC powder and to study their effects on the coating of mild-
steel samples. The coatings were characterised regarding their mechanical (layer thickness,
porosity, roughness, micro hardness), morphological (qualitative assessment of the
microstructure) and tribological (sliding wear behaviour, sliding wear coefficient) properties
as well as their phase evolution with synchrotron radiation. During the spray experiments,
the fraction of QC phases in the coatings was projected to be maximised and their influence
on the microstructure as well as on the tribo-mechanical properties was examined. The
parameters that were included as variables in the OFAT analysis were current (200; 300;
400 A), spray distance (90; 135; 180 mm), argon flow (40; 70; 100 1/min) and the hydrogen
flow (2; 4; 6; 8 1/min). Each of the parameters were given a set of values based on previous
experience and the analysis was conducted. hydrogen flow was specifically studied to

understand the effect of introducing higher thermal energy into the process. It was also
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essential to maintain the stability of the QC phases of the powder in the coating. From the
OFAT analysis, trends and effective parameter sets were derived, which can be found in
Figure 2. The in-flight velocity and temperature of the spray particles during plasma
spraying were determined for all parameter sets to correlate and identify useful metrics. This

assessment was done using an Accuraspray G3 sensor (Tecnar, Canada).

. : - . ‘ 200 .
200} ] 161
—lt 14}
= = 150+
E 1s0) -1[ g i[ -1E 4 oy AR
=R
g g < 10t
c c S
= = 100+ e |
2 100} 2 13 ¢
= = 5
- - 6
o ] a.
= z
3 5ol 8 50 al
2 L
0 I i 1 i L 0 i I i i i 0
40 70 100 20 135 180 2 4 6 8
Argon Flow [I/min] Spray Distance [mm)] Hydrogen Flow [I/min]

800 I e e T

200} il: E|t 1
T -1[ — 600}
2 150} i[ 138
7] o
g z
= @ 400t
2 100} 2
T 5
7] S
S ©
3 ol | T 200t
ol bl L 0
2 4 6 8 2 4 6 8
Hydrogen Flow [I/min] Hydrogen Flow [I/min]

Figure 2: Effect of the spray parameters on the QC coating properties.

It was found that increasing the hydrogen flow rate from 0 to 8 1/min leads to a slightly
higher plasma power (15.5 to 17.6 kW) and a higher particle temperature (2,460 to 3183°C).
The coating thickness depends mainly on the argon flow rate and the spray distance. Lower
argon flow rates (40 1/min) and shorter spray distances (90 mm) should be favoured for
higher coating layer thickness. In addition, higher hydrogen flow rates also led to an increase
in the micro hardness (531.6 + 98.6 to 735.7 = 115.7 HV 0.05) but also to higher coating
porosity (6.24 £ 0.8% to 15.46 £+ 3.4%). Since this microstructural relationship usually leads
to the opposite result, special attention was paid to the phase development in the QC coating.
The phase evolution in the powder (using a capillary) and the coatings were analysed with
synchrotron radiation at Beamline 9 (DELTA, TU Dortmund University). Figure 3
demonstrates the setup for both analyses. The following methods and parameters were
chosen for the diffraction experiments:
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e Detector: Mar345

e Photon energy in eV: 27 MeV
e Wavelength in A 0.4592009259259259
e Angle: 3°

e Measuring time powder: 10 seconds (in capillary)
e Measuring time coating: 200 seconds

o u INERAVR S 70 B [5) e

W \1ar345 detectoﬁ
/ "“‘ 5 . m _

Figure 3: Experimental setup of the diffraction experiments for the powder and the coating on
Beamline 9 (DELTA, TU Dortmund University).

Figure 4 shows cross-sectional images of the QC coating produced with the best parameters
(sample C3.1: argon flow rate 70 1/min; spray distance 135 mm and current 400 A) as well
as its properties and the deposition efficiency of the spray process.

Dep. efficiency (DE): 17-73 %
Microhardness (MH): 532 -835 HV 0.05
Frac. toughness (FT):  0.61 - 0.65 MPa - m/2

Porosity (PO): 3.71-1547%
Roughness (RN): Ra=6.28 um
Rz =36.86 um
Thickness (TN): 52 -230 um
Substrate o SRS Young‘s modulus (6): 114 kN/mm?

Figure 4: Cross-section images and properties of the coating sprayed with best parameters

The SEM images reveal a well-adhering QC coating on mild steel with high microhardness
compared to other common (unhardened) metallic coatings, making the coating suitable for
wear purposes. However, an inherent minimum porosity of around 3.7 % could not be
eliminated during plasma spraying for technical reasons. In addition, a good deposition
efficiency around 65 % could be realized.

Due to the special symmetry of the QC powders and coatings, a direct determination and
assignment of the phases by means of a typical phase analysis for crystalline materials (using
a database) was not possible. In the latter, it is assumed that the crystal is completely built
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up by a periodical arrangement of elementary cells which, by displacements, fills the entire
crystal without gaps. However, this does not apply to a quasicrystal with fivefold symmetry
such as Al-Cu-Fe, as the atoms have a long-range atomic order without clear periodicity.
The evaluation of the diffraction peaks was therefore conducted with the help of literature.
The diffraction patterns of the works of Pillaca et al. [1], Fleury et al. [2] and Sordelet et al.
[3] were used, since these researchers were able to prove that the peaks are quasicrystals by

determining their Miller's indices.

Figure 5 illustrates the diffraction patterns with the determined peaks of the employed QC
powder composed of Al = 45.42 at. -%, Cu = 32.90 at. -% and Fe = 21.68 at. -%. The red
star symbolizes the quasicrystalline fractions determined from the literature comparison and
the green triangle indicates the AlFe solid solution phase. The green squares represent a
mixture of Fe/AloCu according to Fleury et al. [2]. The powders were found to contain a
high proportion of quasicrystalline phases. By combining XRD, EDS, WDS and differential
thermal analyses (DTA) with CALPHAD simulations, the following well-known, but also
other non-stoichiometric QC phases could be identified: Al7CusFe, Alg5sCu2oFers,
AlgsCuzoFers, AlesCuzsFera, AlgaCuasFeis, Alzg5CussFeis, AlessCuzo.osFert.os.
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Figure 5: Diffraction patterns with the determined peaks of the Al-Cu-Fe QC powder.

The XRD profile obtained from the powder was compared to the plasma sprayed coatings
with various parameters to determine the presence of a valid QC phase. This was done by
comparing the peaks represented by red stars in the profile. The differences in the peaks
obtained by different parameter sets were studied. In Figure 6 as-sprayed coating with best
parameters (sample C3.1) but no hydrogen flow rate was compared to the samples with low
(2 1/min, W1.3) and high (8 1/min, W3.2) hydrogen flow rates. The C3.1 diffraction pattern
shows a close similarity to the one of the powders. The aforementioned QC peaks denoted
by red stars are mostly preserved in this coating with very slight oxide formation indicated
by the green squares in the profile. It was found that the introduction of hydrogen flow in
the process leads to a significant reduction of QC phases in the coating as visible from

Figure 6. The QC peaks are found to be recessed with their heights reduced. Also, an
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increase in oxide phases can be visualized when compared to the default spray coating. At a
hydrogen flow rate of 2 1/min, however, there is a slight reduction in the QC peaks with
added oxide phases, which are marked with green squares, but the QC phases remain largely
intact throughout the range. At increased hydrogen flow of up to 8 1/min, there is complete

elimination of most QC phases with a large dominance of oxide phases in the coating.

After the coating development and phase analyses the sliding wear behaviour of the plasma
sprayed coatings with low hydrogen flow rate of 2 1/min was evaluated using a ball-on-disc
test with a @ 6 mm Al2O3 ball as a counter body, 800 m wear distance, a load of 10 N and
a sliding velocity of v = 0.4 m/s.
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Figure 6: Coated samples, cross-section images of the microstructure and diffraction patterns of

coatings sprayed with different hydrogen flow rates.

The friction coefficients and debris formation in the wear track for the coatings are shown
in Figure 7. The friction performance of the coating was found to be satisfactory with a
coefficient of friction around 0.43 - 0.49. The addition of hydrogen flow in the process
improves the overall tribological performance, with a low sliding wear coefficient of 10.51 -
107 mm3/ Nm. With this value the QC coatings achieve a better sliding wear performance
compared to standard coatings in this field like Ni-bwt.%Al, FeVCrC, Cr3Cz - NiCr and tool
steel [5, 6]. The oxide phases formed with inclusion of hydrogen flow increase both the micro

hardness and the sliding wear behaviour.

It can be concluded from this study that plasma spraying of Al-Cu-Fe powders could be

performed successfully. QC coatings with high micro hardness, acceptable porosity, moderate
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friction coefficient and very good sliding resistance could be produced on mild steel. Suitable
spray parameters were identified and their effects on the coating properties and QC phase
evolution were examined. It was found that the coating thickness mainly depends on the
argon flow rate and the spray distance, whereas higher hydrogen flow rates led to an increase
in the micro hardness but also produces higher porosity. Plasma spraying with low hydrogen

flow rates has proven to be particularly suitable for producing good wear properties.
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Figure T7: Friction coefficients and debris formation in the wear track of plasma coating.

Thanks to higher process temperatures, useful oxide phases develop in the coating
microstructure which improved the sliding wear resistance of the coatings. Thus, a better
wear performance compared to standard coatings in this field could be achieved. At the same
time, however, there is no significant reduction in the QC phases, so that the coefficient of
friction is not negatively affected. However, spraying with high hydrogen flow rates is not
recommended due to the intense heat development during spraying resulting in a massive
loss of QC phases. From a scientific point of view, these influences are highly interesting and
should be investigated in further studies. The quasicrystalline material family of Al-Cu-Fe
is a complex system that merits further development and research in the field of thermal

spraying.
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Cold-work tool steels are renowned for their outstanding wear resistance and hardness, attributed to a
martensitic matrix combined with hard carbide phases. These properties make them indispensable in
mining, machining, and die manufacturing [1]. However, the growing demand for improved
performance and cost efficiency has driven advancements in alloying and processing techniques,
particularly through additive manufacturing (AM) methods like powder bed fusion-laser beam/metal
(PBF-LB/M). The latter is a layer-by-layer AM technique that facilitates the fabrication of complex
geometries, such as integrated cooling channels, while producing refined microstructures with fine grain
sizes [2], making it ideal for high-performance tool steels. Boron-alloyed steels have emerged as
promising candidates for these applications due to their ability to form hard phases, such as borides
(Cr:B, Fe:B, M:B,) and carbo-borides (Fes(C,B), M23(C,B)s) [3-5]. However, the solidification
sequence during PBF-LB/M significantly differs between high and low solidification rates, influencing
the size, morphology, and distribution of hard phases and residual stresses, affecting the materials'
properties. The current research focuses on developing new martensitic, hardenable boron-alloyed tool
steels using the Low Transformation Temperature (LTT) approach described by Réttger et al. [6] to
counteract the formation of high residual stresses during PBF processing.

The Fe-C-B alloy system was further alloyed with Cr (6, 8, and 10 mass%) and Mo to investigate its
solidification behavior under non-equilibrium conditions, as summarized in Table 1. Laser surface
remelting of as-cast 10x10x5 mm3 samples was conducted using an AconityMINI L-PBF machine in a
vacuum environment. As shown in Table 2, two distinct remelting parameters were applied to each of
the three alloys to evaluate variations in hard phase formation due to differing solidification rates and
sequences. The remelting parameters, P1 and P2, resulted in cooling rates of approximately 2x10°6 K/s
and 3.5x10° K/s, respectively, directly influencing the secondary dendrite arm spacing (SDAS). The
SDAS, a key indicator of cooling conditions, was measured from dendritic micrographs. Its relationship
to cooling conditions was analyzed using the empirical relation SDAS = k - t™, where k is a material-
dependent constant (in um-s™), t is the local solidification time, and m is an exponent typically ranging
between 0.3 and 0.5. A high-energy synchrotron beam was used, capable of distinctly resolving phase
peaks even in finer-grain microstructures with better resolution. The experiments were conducted at the
DELTA synchrotron facility, beamline BL9, at TU Dortmund. High-energy X-rays (20 keV, wavelength
=0.61992 A) with a beam size of 0.3x1.0 mm? were directed at the sample surfaces at a 5° incidence
angle. The diffracted phases produced Debye-Scherrer rings, which were captured using a MAR345
detector and processed into 2D diffractograms using the open-source software Fit2D. The experimental
setup was calibrated using a cerium oxide (CeO:) reference sample, with adjustments made for detector-
sample distance, detector tilt, and beam center.

Table 1: Chemical composition of the alloys in wt. %.

Alloy C B Cr Mo Mn Si S P Fe
X50CrMoB6-2-1 0.53 1.13 5.70 2.14 0.5 0.52 0.03 0.028 Bal.
X50CrMoB8-2-1 0.49 1.14 7.57 2.19 0.5 0.54 0.03 0.028  Bal.
X50CrMoB10-2-1 0.51 1.18 9.22 2.13 0.53 0.53 0.03 0.030 Bal.

Table 2: PBF-process parameters for each alloy.

pj’gmzlgrs Laser power [W] Hatch distance [pum] Scan speed [mm/s] Energy density [J/mm?]
P1 150 80 200 9.4
P2 150 80 400 4.7
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Figure 1: Synchrotron XRD diffraction peaks for the phases obtained under In reuproc_al S.pace . using - the
two different process parameters (P1 and P2) for each alloy: 6Cr, 8Cr, and 10Cr. transformation (intensity)1/2-Q2.
The differences in diffraction patterns are indicated by superimposed vertical solid lines. The broadness
of the peaks is attributed to rapid solidification, which results in finer microstructures. At a 26 angle of
14.46°, the peak corresponding to the M23(C,B)s phase is observed prominently under the higher cooling
rate condition (P2), while no boron-cementite is detected under these rapid solidification conditions. In
contrast, boron-cementite appears under relatively lower cooling rates associated with P1 sample.
Furthermore, in the latter, peaks corresponding to MsB:, Cr.B, and Cr2O phases are distinctly visible, as
indicated at the bottom of the diffractogram. The synchrotron XRD results aid in identifying the
diffracted peaks corresponding to specific phases and provide detailed analysis of peak broadening in

relation to different alloy compositions and processing conditions.
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Titanium aluminum nitride (T1iAIN) thin films are widely used as wear protective thin films in cutting
applications due to their high hardness, wear resistance, and thermal stability [1,2]. In the cathodic
arc evaporation process, TiAl cathodes can be produced by either smelting metallurgical (SM) or
powder metallurgical (PM) methods, which significantly influence the cathode microstructure and
thereby the droplet emission, and resulting thin film properties [3,4]. Studies have shown differences
in hardness, oxidation resistance, and plasma composition based on cathode type, with transformation
processes at the cathode surface during arc discharge creating new phases such as Ti3zAl [5,6]. In
addition to the cathode material, the deposition pressure shows an influence on the crystalline growth,
where higher pressures lead to a compound layer on the cathode surface with a higher melting point,
reducing droplet size and density in the thin film [7,8]. However, the interaction effects of cathode
materials and deposition parameters on the crystallographic structure of TiIAIN remain insufficiently
explored. High-resolution XRD measurements can be applied to understand these effects. These
measurements are fundamental for the understanding of the crystallographic structure of TiAIN thin
films and their correlation to the tribo-mechanical properties.

TiAIN thin films were deposited using a customized METAPLAS.DOMINO kila flex PVD coater
(Oerlikon Balzers, Germany) using different TisoAlso cathode materials (values in at.%): one
produced via smelting metallurgical (SM) and two via powder metallurgical (PM) methods, labeled
PM1 and PM2. SEM micrographs of the cathode materials before use revealed dense, defect-free
structures across all manufacturing methods. Deposition was conducted at nitrogen-regulated
pressures of 3000, 5000, and 8500 mPa. To determine the phase composition of the thin films, high-
resolution XRD measurements were performed at the DELTA using 20 keV photons, a 2° incidence
angle, and a MAR345 detector. Additionally, residual stresses were evaluated using a laboratory

diffractometer via the sin?¥ method on the (111) TiAIN reflection, assuming isotropic stress.
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Figure 1: High resolution XRD patterns of the TiAIN thin films arc evaporated from differently

manufactured TiAl cathodes at a deposition pressure of 8500 mPa

Figure 1 presents the integrated high-resolution XRD patterns of exemplary chosen arc-evaporated
TiAIN thin films deposited at a deposition pressure of 8500 mPa, while the patterns are similar for
the other deposition pressure values. The Bragg reflections corresponding to the WC and Co phases
of the substrate are clearly visible due to the high penetration depth of the 20 keV X-rays, even at the
low incidence angle of 2°. All analyzed thin films exhibit the fcc-TiAIN phase, consistent with the
Al/Ti ratio of around 0.8 [9,10]. The Bragg angle intensities and widths remain constant, and no
additional phases are detected for the different TiAIN thin films deposited at the different deposition
pressures. This indicates that neither the cathode manufacturing method nor the deposition pressure
significantly influence the crystallographic structure or phase composition of the deposited thin films.
Residual stresses were evaluated using the (111) TiAIN plane and the sin?¥? method, revealing a
compressive stress state in all arc-evaporated TiAIN thin films. The residual stresses exceed 3 GPa,
with standard deviations ranging from 0.1 to 0.2 GPa. The cathode material had no notable impact on
the residual stress state. For films deposited using the SM cathodes, a slight increase in absolute
residual stress values was observed with higher deposition pressure reaching around 3.8 + 0.2 GPa.
In contrast, thin films produced with the PM cathodes showed consistent stress values around
3.6 £0.2 GPa at deposition pressures of 5000 mPa or higher. These variations, however, remain

within the standard deviation of the XRD measurements and are therefore not considered significant.

The results of the crystallographic structure analyzed by high resolution XRD are correlating with the
mechanical properties of the thin films, revealing no significant differences in hardness or elastic
modulus across cathode materials or chamber pressures. However, process-related variations in

surface quality of TiAIN were observed due to differences in droplet formation. In conclusion, high
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resolution XRD analyses provides a comprehensive understanding on the structural properties of

TiAIN thin film and allows to determine correlations with the mechanical properties.
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Additive manufacturing (AM) of components using laser-based powder bed fusion of metals (PBF-LB/M) enables
the production of e.g. aerospace components using Inconel 718 [1], medical devices from Ti6Al4V [2], and
improved antennas, or heat exchangers made of copper [3]. This layer-by-layer process offers significant
advantages over casting, shaping, and subtractive methods, particularly for machining complex parts with
internal cavities. One promising application of PBF-LB/M is the creation of topology-optimized lightweight
structures. Ongoing research seeks to extend the range of metals and alloys applicable to this technology.

The use of copper powders in PBF-LB/M poses distinct challenges due to copper's high thermal conductivity and
reflectivity, especially to the commonly used 1070 nm and 1064 nm wavelength infrared lasers. These properties
limit the efficient absorption of laser energy, affecting the process stability and reliability. Directed oxidation and
reduction of copper particle surfaces present a potential solution for pre-conditioning, enhancing both the
processability and reusability of copper powders.

In this study, we investigate the oxidation of pre-treated copper powders in air and their controlled reduction
under an Ar/2%H: atmosphere at varying temperatures up to 350 °C. The experiments were conducted using X-
ray diffraction at beamline BL9 of the DELTA synchrotron radiation source to gather insights into induction times
and changes in the phase composition of Cu, Cu20, and CuO. This approach aims to constrain the reaction
conditions for industrial processing by characterizing the composition of the crystalline oxide layers of the
powder particles ex-situ and in operando, providing valuable data on the atomic structural level and thus

potentially contributing to the broader applicability of copper in AM.
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Figure 1: Diffractograms of the copper powders compared with the printed flat samples heated up to 300 °C.

Pure Cu-powder has been produced by atomizing from pure Cu wire (grade CW008A, Haecker Metall, Germany)

using an atomizer ATOlab (3Dlab, Poland). Afterwards the powder particles were sieved to obtain a particle size
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distribution between 20 um — 63 um. To enhance comprehension of the pre-oxidation process, samples of the
powder were annealed in an muffle furnace in air to study the effect of temperature and time on the samples’
oxide content and type of oxide formed, i.e. Cu20 and CuO. Powder samples were enclosed in capillaries and
mounted on the sample rotation unit for powder diffraction at beamline BL9. The X-rays had an energy of 27 keV
and the beam size was 1 x 1 mm?2. The scattered intensity was detected with a MAR345 image plate detector.
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Figure 2: Diffractograms of a reduction series of pre-oxidised copper In order to gain a better understanding of the
powder in an Ar/2%H; atmosphere. oxidation and reduction behavior of the copper
powders, the partially pre-oxidized powders
were both reduced and oxidized (in operando) at beamline BL9 while taking diffraction patterns. For these
measurements, the powders were filled into borosilicate capillaries with a diameter of 1.5 mm. The capillaries
were filled with glass wool before and after the powder to allow the gas to flow through and to keep the sample
at place, during taking pre-vacuum and streaming with the gas. At the beginning of the series of measurements,
the lower end of the capillary was cut off so that the gas can still reach the sample from both sides.
After evacuating and filling the sample cell with the reducing gas Ar/2%H>, the sample was heated up to 350 °C
and exposed in 138-second intervals (30 s detection + 108 s detector readout) until the sample was completely
reduced. We studied various reduction temperatures and gas flows to reveal the phase composition of the oxides

Cu20 and CuO and its change with time. The data is currently analyzed and the measurements will be

complemented by further experiments using better defined gas flow rates.

References

[1] X. Wang, et al: Review on powder-bed laser additive manufacturing of Inconel 718 parts, Proceedings of the
Institution of Mechanical Engineers, Part B: J. of Eng. Manuf., 231 (2016) 11, S. 1890-1903

[2] E. Mahmoud, et al: Optimization of SLM process parameters for Ti6Al4V medical implants, Rapid Prototyping
Journal, 25 (2019) 3, pp. 433-447

[3] T. Romano, M. Vedani: Additive Manufacturing of Pure Copper: Technologies and Applications, in: Copper - From

the Mineral to the Final Application, IntechOpen, 2022, DOI: 10.5772/intechopen.107233

Acknowledgments

We thank the DELTA team for providing synchrotron radiation. This work was supported by the DFG
via projects STE 1079/9-1, RO 4523/9-1, SE 2935/6-1

80



Hard X-ray spectroscopy

81



82
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Great efforts are being made to optimize tool coatings for use at elevated process temperatures. This
aims to enable machining with minimal lubrication. During operation, temperatures between 300 °C
and 1000 °C can occur. To enable the machining of high-strength materials, the coatings must be
optimized for their temperature resistance, which is significantly affected by their oxidation properties.
AICrVY(O)N thin films are potential candidates for such coatings, as the addition of V to AICrN promotes
the formation of Magnéli phases at high temperatures, which promote a reduction in friction due to
their crystallographic structure. The oxidation behavior of V in the thin films is characterized using X-
ray absorption near edge spectroscopy (XANES) at beamline BL10 [1] as well as X-ray diffraction (XRD)
measurements at beamline BL9 of DELTA.

The AICrVY(O)N thin films were deposited on WC-Co substrates. The coating process was performed
using an industrial magnetron sputtering system with Al52Cr30V16.5Y1.5 targets (values in at.%).
Oxygen and nitrogen gas flow rates were individually controlled, with oxygen varied between 0 and 20
sccm, while nitrogen was maintained at 130 sccm. Argon served as the ionization gas during
deposition. For AICrVYON thin films with varying vanadium contents, the cathode power of the
cathode equipped with a vanadium target was varied between 0.5 kW and 4.5 kW. A detailed
description of the deposition process is given in [2].

In order to investigate the oxidation behavior of the thin films at machining-related temperatures, the
AICrVY(O)N thin films were heated stepwise up to 1000 °C using an SR 100-750/11 tube furnace
(Carbolite Gero GmbH & Co. KG, Germany). The XANES measurements of the vanadium K-edge (5465
eV) were performed in fluorescence detection mode using a grazing angle of 3°, to identify the
different oxidation states of vanadium in the thin film. In this setup we used a beam size of 0.2 x 8.0
mm? (v x h). For XRD experiments we used a photon energy of 27 keV and a beam size of 0.1 x 0.8 mm?
(v x h) the grazing angle was 4°. The scattered intensity was detected by a MAR345 image plate
detector.
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Figure 1: i) XANES spectra of AICrVYON thin film annealed in ambient atmosphere for the sample pre-oxidized at O; flow of 5
sccm for 10 min and the indicated temperatures. ii) XANES spectra of AICrVYON thin film annealed in ambient atmosphere for
the sample pre-oxidized at O; flow of 20 sccm for 10 min and the indicated temperatures.
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Due to the penetration depth of over 50 um, the XRD data sets are dominated by WC, which is part of
the substrate (data not shown). The next largest contribution comes from cubic AICrVYN, which
determines the structure of the 2.4 - 2.7 um thick thin film [3]. The measured diffractograms show
below 700 °C no Bragg reflexes that can be clearly assigned to vanadium oxides, while at higher
temperatures a large number of reflections occur, suggesting increasing oxidation of the sample.
However, due to the high number of possible phases formed, a clear assignment of the oxide phases
is problematic. However, the occurrence of surface oxidation can be validated with the XANES
measurements as shown in Figure 1. Via the analysis of the pre-edge peaks of the XANES vanadium K-
edge spectra, the formation of vanadium oxides in thin films is investigated. Similar to iron oxides, the
pre-edge area and main-edge position provide information about the average oxidation state of
vanadium [3, 4]. Figure 1 shows the vanadium K-edge of samples produced with an O, flow rate up to
20 sccm. The oxidation state can be tracked by analyzing the area and center of gravity position of the
pre-edge feature. The pre-edge of the as-deposited thin films becomes more pronounced with higher
0, flow rates during synthesis. The main-edge position shifts to higher energies suggesting that the
AICrVYON thin films are pre-oxidized for the O flow rates above 10 sccm with stronger variation in the
local environment of V at 20 sccm as indicated by the changes in the post edge region.

To determine the average oxidation state of the thin films, the relationship between the area and
energy position of the integrated pre-edge features need to be analyzed. All AICrVY(O)N thin films,
whether pre-oxidized or not, exhibit high oxidation resistance up to temperatures of 700-800 °C.
Above approximately 800 °C, the vanadium in films with higher levels of pre-oxidation oxidizes more
rapidly, leading to a higher average oxidation state at the maximum annealing temperature. These
results indicate that the increased oxygen incorporation in AICrVYON thin films accelerates the
vanadium oxidation, particularly the formation of Magnéli phases.
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Hydrogen is in great demand as an alternative energy source for a sustainable economy.
However, the problem arises during long-term storage and transportation, as hydrogen
diffuses through the containers and the material becomes brittle. For this reason, it is
important to be able to investigate the diffusion processes of hydrogen in metals (here:
stainless steel types) and the resulting embrittlement of the material. Structural
investigations are thus of utmost importance to understand the processes. In particular,
EXAFS measurements appear useful due to their inherit sensitivity towards small changes of
the local atomic environment of the involved metals.

The results can be used to indirectly deduce hydrogen damage to the metal lattice, as the
positions of the metal atoms may change significantly due to a hydrogen treatment. Here
we have demonstrated the hydrogen-induced embrittlement in stainless steel by
performing EXAFS/XANES fluorescence measurements.

Extended X-ray absorption fine structure O
(EXAFS) experiments were carried out at
the materials science beamline 10 [1] at
the DELTA storage ring (TU Dortmund /
Germany) operating with 1.5 GeV electrons
and a stored current of 100-140 mAl
(Range: 4-14 keV). A Si (111) channel-cut osf
monochromator was employed, and the Wk ; ]
intensity of the incident beam on the T s oo e ewe e e o0
sample was measured using a nitrogen-gas . el

filled ionization chamber, while the X-ray ' @ T
fluorescence from the sample was collected L
using a large-area PIPS® photodiode
(Passivated Implanted Planar Silicon). The
energy range measured covered the X-ray
absorption edges of Cr (5989 eV), Mn
(6539 eV), Fe (7112 eV), Ni (8333 eV) and
Cu (8980 eV). Fluorescence mode EXAFS ]
data were collected on the fly in the R
quick-scanning EXAFS mode. Background Photon Energy / eV
subtracted, normalized EXAFS data of the Figure 1. Linear-combination fits of the
duplex steel sample 1.4501 obtained at the normalized X-ray absorption spectra measured at

the Cr K-edge (a) and the Fe K-edge (b) of the
Fe and Cr K_edges after hydrogen 1.4501 duplex steel. EXAFS measurement were

permeation tests are depicted in Figure 1 performed on samples after hydrogen permeation
tests.
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as examples. From the edge height in the raw data, the concentration of the respective
elements has been calculated. For the further data evaluation, the data at the Cr and Fe
K-edge were fitted with linear combinations of standard spectra for the austenite
(face-centered cubic, fcc) and ferrite (body-centered cubic, bcc) phases, obtained from
purely bcc Cr and Fe metal foils, and a purely fcc steel containing Cr, Fe, and Ni. As
depicted in Figure 1, the spectra measured at the Cr and Fe K-edges can be well-fitted
with linear combinations of these reference materials, indicating that the duplex steel
indeed is comprised of both phases in nearly equal proportions of about 50%.
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Figure 2. Comparison of the magnitude of the
Fourier-transform of the k2-weighted EXAFS fine
structures obtained at the Cr (a) and Fe (b)
K-edges of 1.4501 duplex steel prior and after
the hydrogen permeation test. Obviously, the
amplitudes of all coordination decrease in
intensity, while the positions remain unchanged.

It is important to note that the contributions
of bcc and fcc phases remain unchanged
before and after the hydrogen permeation
tests, suggesting that no new phases are
formed during the hydrogen treatment.
However, a careful inspection of the
Fourier-transforms (FT) of the x(k)-k? data
before and after hydrogen permeation
reveals that the amplitudes of all the
coordinations visible in the FT decrease
after the permeation testing, as depicted in
Figure 2, indication an increase of disorder
on an atomic level.

These results are of particular interest for
the transformation toward a hydrogen
economy, which will rely heavily both on i)
predicable long-term stability of storage
materials and ii) minimization of hydrogen
loss, i.e. leakage, through the storage vessel.
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Revealing the metal coordination environment of solvent-free
synthesised MOF glasses by X-ray absorption fine structure
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Scientific context

Metal-organic framework (MOF) glasses, represented by zeolitic imidazolate
framework (ZIF) glasses!', are a class of materials that possess random porous
network structures and intriguing physicochemical properties. They offer a unique
combination of functional porosity found in framework materials like conventional
crystalline MOFs or zeolites, as well as properties from polymers, such as mouldability
and processability.?! This combination of properties makes MOF glasses promising
candidates for various applications, including gas separation, optoelectronics, and
solid electrolytes. However, the established processes for preparing MOF glasses
involve several costly and time-consuming steps that make it impractical for real-world
industrial production. MOF glass preparation typically starts with the solution synthesis
of MOF (micro)crystals under solvothermal conditions. Besides the high temperatures
and reaction times, large amounts of hazardous organic solvents are also required.
Afterwards, the derived MOF (micro)crystals are heated to their melting point and melt-
quenched to obtain the MOF glasses. Recently, a mechanochemical method for the
direct synthesis of MOF microcrystals and glass powders has been reported.E!
However, this method still depends on the subsequent energy-intensive process of
heating and (re)melting the powders in order to get homogeneous bulk glasses at a
large scale. Thus, the commercialisation and practical use of MOF glasses require
simpler and more environmentally friendly synthetic routes, as is the case with the
commercialisation needs of other inorganic glass materials.

We developed a new a . | b
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T

Heat flow / Wig
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Heat flow / arb. units

solvent-free strategy for at DSG-1
i T,=168 °C
metal oxides and
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directly synthesized MOF  Fig. 1. a Simultaneous TGA and DSC data of DSG-1. The inset shows

the direct synthesis of

MOF glasses by mixing i

o . 2" upscan T-171°C

imidazole ligands followed )

. . ™ upscan -

by heating them directly to Te=171°C

melting point. The 0 200 a0 e a0 100 150 200

amorphous nature Of the Temperature / °C Temperature / °C

glasses (DSG-1) was a photograph of a monolith of the DSG-1. b DSC data of DSG-1 with
. three upscans features a stable T4 of ~170 °C.

verified by powder X-ray

diffraction (PXRD). Moreover, differential scanning calorimetry (DSC) proves the

glassy nature of the materials by the presence of a glass transition signal at Tq ~ 170
°C, which is the lowest glass transition temperature of any ZIF glass reported so far
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(Fig. 1). The new solvent-free direct synthesis strategy is pivotal for advancing the field
of MOF glasses, providing a foundation for large-scale production, diversification, and
the creation of composite materials, leading to innovative glass materials surpassing
the current state of the art.

To unravel the Zn coordination environments in the DSG, we performed X-ray
absorption spectroscopy (XAS) at BL10 of DELTA to resolve their extended X-ray
absorption fine structure (EXAFS) for the directly synthesised Zn-based ZIF glass
materials.

Experimental procedure

Powdered samples were carefully loaded into borosilicate capillaries with a 1.0 mm
diameter. The samples were measured at room temperature at the Zn K-edge using
X-ray absorption spectroscopy (XAS). Data collection was performed over a total scan
time of 30 minutes per sample to ensure a high signal-to-noise ratio. Normalisation and
background subtraction of the raw XAS spectra were conducted using the Athena
software from the Demeter package. For validation and interpretation of the structural
features, zinc foil and ZnO were used as reference compounds.

Results

The X-ray absorption near edge structure (XANES) of DSG-1 at the Zn K-edge
closely resembles that of ZnO, particularly at the edge energy (Fig. 2a). This similarity
indicates that the zinc ions in DSG-1 exhibit the oxidation state +Il, as expected for
Zn?* ions. Further analysis through Fourier transformation reveals significant
differences in the local coordination environment (Fig. 2b-c). In the Fourier-
transformed EXAFS (the real-space radial distribution function), DSG-1 exhibits only
one distinct Zn—N correlation signal at 1.53 A (phase shift not corrected), with no
evidence of residual ZnO in the glass sample. This observation strongly indicates that
Zn?* in DSG-1 is primarily coordinated with nitrogen atoms from the imidazolate linkers.
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Fig. 2. (a) Normalised XAS spectra at the Zn K-edge for DSG-1, ZnO, and Zn foil. (b) k?-weighted
EXAFS oscillations extracted from the XAS spectra. (c) Fourier-transformed EXAFS giving the radial
distribution function (phase shift not corrected).

These findings demonstrate that DSG-1 shares similar structural characteristics with

conventional ZIF glasses derived by melting of solvothermally synthesised
microcrystals. The direct solvent-free synthesis results in a well-defined Zn-N
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coordination environment that is part of a disordered random glass network. This newly
developed direct synthesis method retains the key structural motifs typical of this class
of ZIF glass materials while eliminating the need for intermediate crystallisation and
melting processes.

In summary, BL10 enabled us to probe the local coordination environment of the
novel directly synthesised glasses. Detailed analyses of the local coordination
structure, including bond lengths and coordination numbers, are ongoing to deepen
our understanding of these materials. Further investigations into their mechanical
properties, such as hardness and elastic moduli, are planned to complement the
structural insights and establish a comprehensive structure-property relationship.

The XAFS data collected during the beamtime will contribute to a manuscript
currently under preparation for submission. We gratefully acknowledge the support of
the DELTA team for providing beamtime and the invaluable assistance of the BL10
beamline scientists during the experiments.
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By definition, a high-entropy alloy (HEA) consists of five or more elemental compounds, with an
atomic concentration between 5 and 35 at.% for each of the constituting elements [1, 2]. A
characteristic property of a high-entropy alloy is the mixed configuration entropy Smc, given by

Sme=-R X xiIn (x)), eq. (1)

with R the molar gas constant, and the x; the molar fractions of each element (i) in the alloy.
Accordingly, due to the large number of constituting elements and their large concentrations, Smc of a
HEA is substantially larger compared to that of a simple alloy, where several elements are present in
very low concentration, or an intermetallic compound, with only two or three elemental species [3,
4]. Assuming the presence of five elements in equimolar concentrations, equation (1) reduces to Smc
=R In(5)= 1.5R; i.e. an alloy can be considered as a high-entropy alloy if Smc = 1.5R, and alloys with a
smaller value of S, between 1 and 1.5 are considered as medium entropy alloys [1, 2]. From a
thermodynamical perspective, an increase of the mixed configuration entropy favors the formation
of disordered single-phase solid solutions, and suppresses the presence of more fragile
multielemental intermetallic compounds. Employing several different metallic elements with
accordingly different atomic radii and a random site occupation causes local lattice distortions [5].

In this context, EXAFS, with its unique opportunity to investigate the local atomic short range order
around each of the contributing (metallic) elements, allows to investigate HEAs and MEAs to a large
details, since all of the K-edges of the transition metal elements (i.e., Ti to Zn) can be investigated in a
straightforward manner. Here we have investigated a medium entropy alloy with contributions of Co,
Ni and Cu with K-edge EXAFS measurements at the DELTA wiggler beamline 10 using a Si(111)
monochromator and ionization chambers as detectors for the incident and transmitted X-ray
intensities [6]. According to the raw data, the edge jumps at the three investigated edges are 1.8 for
Co, 1. 1 for Ni, and 1.1 for Cu, leading to slightly different concentrations of 45 % for Co, and 28 % for

Ni and Cu, respectively, giving a mixed configuration entropy Smc = (1.07 +# 0.01) R [7].

In Fig. 1, the magnitude of the Fourier-Transform of the k3>-weighted EXAFS fine structures measured
at the different edges are compared to the FT of a face-centered cubic Ni reference foil. As can be
seen, the peaks related to the first few neighbors clearly resemble the fcc structure of the reference
material, suggesting indeed the presence of face-centered cubic structures in the MEA.
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We have therefore assumed a fcc-structure for the modelling of the EXAFS data of all edges, however
with a random site occupation of Co, Ni and Cu. This way, disorder was taken into account, i.e., there
is a certain probability for Co-Ni, Co-Cu and Co-Co nearest neighbor coordinations. From the k-range
available from the experiment, and the radial distance range used for the fitting, the maximum
number of fit variables Nig, can be estimated, resulting in values of about Nig, ® 20. We have used a
variation of the bond length in the first four shells (Ri), the (static and thermal) disorder (c),
individual amplitude reduction factors for each element (So?) and a global value for the inner
potential shift AEo, so that in total only 12 fit parameters were used.

Fig. 2: Magnitude of the Fourier-Transform
of the k3-weighted EXAFS fine structure
oscillations |FT (y(k)*k®)| at the Co K-
edge, together with a fit assuming the
presence of a fcc-structure, and Co, Ni and
Cu randomly distributed on the regular
lattice sites. A total number of 12 fit
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3
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The results show, that the disorder parameters are substantially larger compared to the pure fcc
metals Cu and Ni, with values around (0.010 + 0.002) A2 for the MEA compared to values well below
0.007 A2 for the pure elements. Also the amplitude reduction factor reflects the larger disorder, with
values of S,2(Co) = 0.73 + 0.01, So,2(Ni) = 0.57 + 0.01 and S,*(Cu) = 0.56 *+ 0.02, again reflecting the
larger disorder around Ni and Cu, with smaller elemental concentration compared to Co. A more
detailed publication of the EXAFS data analysis and the obtained fit results from the MEA and the
HEA is currently in preparation.

Acknowledgements
We gratefully acknowledge the DELTA machine group for providing synchrotron radiation reliably.

References

[1] D.B. Miracle, O.N.A. Senkov, Acta Mater. 122 (2017) 448.

[2] W. Zhang, P.K. Liaw, Y. Zhang, Sci. China Mater. 61 (2018) 2.

[3] J.W.Yeh, S.K. Chen, S.J. Lin, et al., Adv. Eng. Mater. 6 (2004) 299.

[4] E.P.George, D. Raabe, R.O. Ritchie, Nat. Rev. Mater. 4 (2019) 515.

[5] J.W.Yeh, Ann. Chim. Sci. Mater. 31 (2006) 633.

[6] D. Lutzenkirchen-Hecht, R. Wagner, S. Szillat, et al., J. Synchrotron Rad. 21 (2014) 819.
[71 T.Trompeter, Bachelor’s Thesis, University of Wuppertal, 2024.

92



XAS Investigations of a Dual Atom Iron Catalyst on Coffee
Waste Biochar for Electrochemical Kraft Lignin
Depolymerization

L. M. Lindenbeck, ? D. Liitzenkirchen-Hecht, ° A. Drichel, ? B. B. Beele, ? B. V. M. Rodrigues, ?
A. Slabon 2

9Chair of Inorganic Chemistry, Faculty of Mathematics and Natural Sciences, University of Wuppertal,

Gaufstrafde 20, 42119 Wuppertal, Germany

b Department of Physics, Faculty of Mathematics and Natural Sciences, University of Wuppertal,

Gaufistrafie 20, 42119 Wuppertal, Germany

The electrochemical depolymerization of lignin represents a promising approach for the sustainable
production of platform chemicals. ™ While advancements in single-atom catalysts (SACs) have
demonstrated enhanced activity and selectivity for other applications (e.g., CO, reduction), 57 dual
atom catalysts (DACs) are emerging as superior alternatives due to their ability to synergistically
activate multiple reaction intermediates. 8 In this study, we investigated a Fe-based DAC supported on
coffee waste biochar for lignin depolymerization. The objective was to examine the structural and
electronic changes of the catalyst using in-operando and ex-situ X-ray absorption spectroscopy (XAS).

The extended X-ray absorption fine structure (EXAFS) spectra of the DAC catalyst before and after the
reaction are displayed in Figure 1A and 1B, respectively. The Fourier-transformed spectra exhibit two
dominant peaks at approximately 1.5 A and 2.1 A, corresponding to Fe-N (1.98 + 0.03 A) and Fe-Fe
(2.58 + 0.03 A) bonds. Additionally, a weaker signal at 2.66 + 0.05 A is attributed to Fe-C interactions
from the carbon matrix.
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Figure 1. Coordination structure of DAC. A Fourier transform (FT) of the Fe K-edge EXAFS spectrum of DAC pre-reaction and
corresponding fitting curve (k-range for the FT 1.3 A-1 < k < 11.6 A-1). The inset depicts the back-transformed data from 1.0 A
<R < 3.2 A according to the dashed vertical lines. B Fourier transformation of the Fe K-edge EXAFS spectrum of DAC post-
reaction and corresponding fitting curve, again the range from 1.0 A < R < 3.2 A was back-transformed into k-space and is
depicted in the inset.

An analysis of the first-shell coordination numbers indicates a notable reduction in Fe-Fe interactions
compared to metallic Fe, with an average coordination number of 1.6. This value is markedly lower
than the expected eight neighbors in bulk Fe, indicating the absence of Fe clusters and supporting the
dual atom Fe configuration. It is also noteworthy that no second-shell Fe-Fe interactions are observed,
which serves to further confirm the di-atomic dispersion of the Fe centers.

Based on the EXAFS fitting results, a structural model of the catalyst was proposed. The N,-Fe-Fe-N;
motif, featuring dual atom Fe centers bridged by nitrogen from the doped biochar matrix, is consistent
with the observed coordination numbers and bond distances.
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After 20 hours of electrochemical lignin depolymerization, the EXAFS spectrum (Figure 1B) indicates
the persistence of the N,-Fe-Fe-N, motif, with negligible changes in bond distances or coordination
numbers. These results demonstrate the structural stability of the catalyst under reaction conditions.

In-operando XAS measurements were performed to monitor the catalyst's stability during
electrochemical lignin depolymerization at various potentials. The normalized Fe K-edge XAS spectra
(Figure 2A) exhibit no detectable shifts in the edge position or changes in post-edge features across
the applied potential range (-1.2 to 2.0 V vs. Ag/AgCl (satd. KCl)).

The first derivative of the XAS spectra (Figure 2B) and corresponding Gaussian fits (Figure 2C) reveal
no significant edge energy shifts, confirming that the Fe oxidation state remains unchanged
throughout the reaction. This stability is a key feature of the dual atom Fe catalyst, ensuring consistent
catalytic performance under varying electrochemical conditions.
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Figure 2. Stability of DAC. A Normalized Fe K-edge XAS spectra measured in-operando for different potentials as indicated. B
First derivation of the normalized Fe K-edge XAS spectra. C Gaussian fit for the first derivative in the edge region (7112 eV <
E < 7143 eV) of the normalized Fe K-edge XAS spectra. No systematic shift of the edge positive is observed.

A more detailed analysis of the characterization of the catalyst is currently under way and will be published in a
forthcoming publication.
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Superconducting niobium cavities, cooled to temperatures around 2 K, are widely used in modern
particle accelerators and free-electron lasers. Due to the high acceleration gradients in the order of
30 MV/m, smooth and clean surfaces are required in the interior of the cavities, e.g., to avoid
breakdown by parasitic electron field emission or other loss mechanisms [1,2]. Current treatments
include buffered chemical etching in hydroflouric acid and nitric acid [3], centrifugal barrier polishing
and electrochemical polishing, again employing HF to achieve smooth surfaces of the initially
technically rough starting materials [4]. In order to remove residues from the polishing agents, high-
pressure water rinsing [3, 4] and dry ice cleaning [5] are applied. In addition, different heat
treatments at up to 800 °C under vacuum [6] or at lower temperatures between 100 °C and 200 °C
[1] are needed, and furthermore, heat treatments in N, atmospheres have revealed a positive
influence on the superconducting RF properties [1, 6-8].

In order to avoid the consumption of hazardous liquids such as HF and to allow a more energy-
efficient and environmental friendly preparation of the cavity materials, we have investigated the
feasibility of dry laser-polishing treatments of polycrystalline niobium [9]. Furthermore, by
conducting the laser-polishing treatments under well-defined N, atmospheres, we investigated the
feasibility of a successful N-doping simultaneously to the polishing [10], thus adding further synergies
to the manufacturing of the cavities, and saving time and energy as well, as the laser only heats the
near-surface region of the treated metal, instead of the entire cavity as for conventional treatments
in an oven.

Here we report on Nb K-edge (18987 eV) EXAFS-experiments on laser-treated niobium thin foils at
DELTA beamline 8 [11]. The samples, 30 mm thick polycrystalline foils, were laser-treated in a setup
with a frequency tripled Nd-YAG laser (355 nm), with 9 ns pulse duration and 10 Hz repetition rate
[9]. The samples are located in a small ultrahigh vacuum chamber with a base pressure below 107
mbar, and high-purity N»-gas is introduced via a leak valve to the desired level. More details about
the laser-processing are given elsewhere [9]. The X-ray experiments were carried out on laser-
treated areas of 4x5 mm?, so that the beam from the Si(311) monochromator of beamline 8 with a
size of 0.3 mm (v) x 3 mm (h) can be well accommodated on the treated areas. For the transmission
mode EXAFS experiments, the incident intensity is measured using an Ar-filled ionization chamber,
while the transmitted intensity as well as the intensity behind a Nb reference foil were measured
using ionization chambers with a Xe-Ar-mixture. High-quality EXAFS scans covering at least 1500 eV
above the edge corresponding to about 20 A! were measured. Data reduction and analysis was
performed using the Demeter package [12], and some exemplary X-ray absorption fine structure
data y(k)*k® extracted from Nb foils laser polished at three different N,-pressures are presented in
Figure 1(a).

Since EXAFS in general originates from the scattering and the interference of photoelectron waves
from neighboring atoms, even small changes of the short range order around the X-ray absorbing
atom are sensitively reflected in the fine structure oscillations y(k)*k3. As can be seen in Figure 1(a),
clear and almost noise-free EXAFS oscillations are visible up to a photoelectron wave vector of 16 A*,
but no clear differences between the spectra are detectable. However, the structural modifications
induced by the laser-processing in N;-atmospheres are more clearly visible in the Fourier-
transformed data in Figure 1(b). With increasing Na-pressure, the decrease of the peaks at 2.56 A and
3.02 A belonging to the first and second Nb-Nb-coordination are clearly detectable. In Figure 1(c), the
decrease in the amplitude of the first coordination shell is depicted as a function of the N,-pressure
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for several samples. An abrupt decrease in amplitude is visible for nitrogen pressures above ca. 103

mbar, and the decrease in amplitude is about 5 % for p(N2)=5x10"2 mbar.
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Fig. 1: (a) Comparison of the k3-weighted X-ray absorption fine structure data y(k)*k® at the Nb K-edge
obtained from Nb foils after a laser polishing at different N2 pressures during the treatment as indicated. A
slight decrease in the amplitude of the oscillations is detectable for larger k-values. (b) Magnitude of the
Fourier-transform of the EXAFS oscillations |FT (y(k)*k3)| for Nb foils after laser polishing at different pressures
as indicated (k-range for the FT: 1.3 A1 < k < 15.2 A%, data are not corrected for phase-shifts). (c) Magnitude of
the FT for the first Nb-Nb coordination R1 as a function of the Nz-pressure during the laser treatment. Each data
point corresponds to an individual sample. The dashed line is meant to guide the eye.

The detailed analysis of the EXAFS data, i.e., a quantitative fitting of the detected first and second nearest Nb-
Nb neighbor coordination shows a slight increase of the Nb-Nb bond distances with nitrogen pressure, and also
a slight increase in the disorder parameter [10]. Both observations are well aligned with the incorporation of
nitrogen in the bcc lattice of the niobium, see e.g., [13]. Thus, in conclusion, it appears promising to further
optimize the laser polishing treatments under nitrogen atmospheres, to further improve the properties of the
Nb cavities in a more sustainable way.
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Waste materials should be reconceptualized as underutilized by-products, capable of reintegration into
the material cycle through targeted recycling processes.! The depolymerization of lignin represents a
sustainable pathway for the production of value-added chemicals.>™ Copper, used as a bulk catalyst,
has demonstrated catalytic activity in facilitating the depolymerization of lignin.? Furthermore, copper
nanoparticles have exhibited catalytic efficacy in electrochemical experiments, particularly in
promoting the formation of C-C bonds.® In this study we investigated copper nanoparticles (CuNP) on
a coffee-biochar matrix, for the lignin depolymerization.

The structural form of the CuNP was observed throughout the entire synthesis process. The synthesis
of CuNP, followed by the formation of an electrode with CuNP. The electrode was employed in the
process of lignin depolymerization.

Table 1 Intermediate products of the different steps of CuNP

Sample description
CuNP@C CuNP on Coffee
CuNP@CB CuNP on Coffeebiochar
CuNP@CB@CP CuNP on Coffeebiochar on Carbonpaper
CuNP@CB@CP 1x Single use of CUNP@CB@CP
1.20 T . T - In the XAS spectra different oscillations can be
observed. This indicates a change in the
062 1 formation of the nanoparticles during the
synthesis. There are also some differences in
m the oxidation state. The absorption edge has a
S 064y 1 positive shift of 1 eV which speaks for oxidation
> of the Cu. The oxidation state changes from
% 036 - _ Cu(0) after carbonization while preparation for
c — CUNP@CB@CP the electrode to Cu(l) and after using the
CUNP@CB@CP 1x electrode Cu(ll) is also existing. This is an
0.08 CuNP@C 1  indication for oxidation of the CuNP while
— CUNP@CB -
depolymerization.
~020 ' ' ' ' L .
8900 8960 9020 9080 9140 9200 Additionally, CuNP was observed in-operando
Energy (eV) in dependence on the potential.

) ) No change in oscillations are observed in XANES,
Figure 1. XANES-spectra of the Cu K-edge observing the

intermediate products, different oscillations after the edge and which suggests that the structure of the CuNP
a shift of 1 eV of the absorption edge. remains stable throughout different potentials

(see Fig. 2A). A comparison of the Gaussian fit of

97



the
oxid

norm. xu (E)

initial normalized derivation reveals no alteration in the absorption edge, indicating that the

ation state is independent of the potential as can be deduced from Fig. 2(B).
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Figure 2. .Stability of CuNP. A normalized Cu K-edge XANES spectra measured in-operando for different potentials same
oscillations B Gaussian-fit for the first derivation in the edge region (8976 eV < E < 8984 eV)of the normalized Cu K-edge XANES-
spectra. No absorption edge shift observed.

A more detailed analysis of the characterization of the catalyst is currently under way and will be
published in a forthcoming publication.
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The transition towards sustainable energy conversion and storage technologies is of utmost global
importance, primarily because of a needed reduction of CO, emissions and finite availability of fossil
fuels. Here, metal-air batteries and fuel cells employing the oxygen reduction reaction (ORR) come
into play [1-3]. Accordingly, high-performance electrocatalysts are needed. Although platinum
catalysts have outstanding ORR activities in proton exchange membrane fuel cells (PEMFCs) [4, 5],
the huge costs of the noble metal hindered their practical application on a large scale. Thus, diverse
activities are ongoing worldwide to develop efficient, Pt-free electrocatalysts. In particular,
nanostructured M-N-C catalysts employing earth-abundant metals (M=Fe, Co, Ni, Mn, Cu, etc.) have
been recognized as a very promising alternative to noble metal based ORR materials, and a structural
engineering of these materials is expected to substantially boost their catalytic performance [6-10].

In a continuation of our recent activities on structural investigations of Pt-free electrocatalysts with
X-ray absorption spectroscopy at DELTA (see e.g., [11-19]), we investigated a Fe-Co catalysts on a
nitrogen-doped carbon host here. Due to their inherent sensitivity towards the atomic short range
order around the X-ray absorbing atom, EXAFS and XANES are invaluable techniques for detailed
structural investigations of these materials [19]. For the present experiments, the opportunity to
investigate Fe and Co separately is of particular importance. The samples were prepared on ZIF-
derived N-doped carbon, that was used to adsorb the Fe- and Co-metal ions from solution. The final
samples were obtained after annealing under N> atmosphere. X-ray absorption experiments at the Fe
and Co K-edges (7112 eV and 7709 eV, respectively) were conducted at DELTA beamline 10,
employing a Si(111) channel-cut monochromator and gas-filled ionization chambers [20]. Powder
samples were filled into PVC sample holders in order to obtain a homogeneous sample with
sufficient absorption. In Fig. 1, raw absorption data obtained from a representative sample are
presented. With an edge jump of only about 0.1 at the Fe K-edge and even less (0.05) at the Co K-
edge, the difficulty of the experiments is obvious, i.e., a data quality sufficient for a detailed analysis
needs to be obtained by averaging over several consecutive scans.

In the two insets, the magnitude of the Fourier-transforms of the k?>-weighted EXAFS fine structures
|FT(k?*y (k)| are presented. For both metals, a fourfold planar coordination with N was assumed, and
the fits are also included in the graphs. As can be seen, the experimental data are well-described by a
nearest neighbor environment consisting of 4 nitrogen atoms, and a distance of Ri;(Fe-N) = 2.02 +
0.01 A and a mean square disorder of ci(Fe-N)? = 5.42 x 103 + 1.19 x 10 A2 in the case of Fe, and
R1(Co-N) = 1.88 + 0.03 A and 61(Co-N)? = 6.76 x 103 + 4.27 x 10 A in the case of Co, respectively.
The shorter Co-N bond length is well in agreement with previous experiments, as well as the values
obtained for the disorder parameters. It is important to note, that no Fe-Co contributions are
detectable in the Fourier-transforms of both metals, indicating that isolated single atom catalysts
have been prepared.

The catalytic performance of the prepared catalysts is currently under evaluation and will be
published elsewhere.
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Fig. 1: Raw X-ray absorption data measured for a Fe-Co electrocatalysts on nitrogen-doped carbon. The
magnitude of the Fourier-transforms of the k*-weighted EXAFS fine structure oscillations |FT(k?*y(k)| is
depicted in the inserts for both Co and Fe. In addition, fits assuming a fourfold coordination of the respective
metal with nitrogen have been performed and are included in the graphs as well.
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X-ray absorption near edge spectroscopy (XANES) is a valuable tool for the investigation of battery
materials, due to its inherent sensitivity to the local atomic structure around the X-ray absorbing atom.
This is of particular interest for multi-elemental samples such as batteries, as each of the constituting
elements can be separately selected by using photon energies in the vicinity of the respective
absorption edge [1]. Furthermore, similar to photoelectron spectroscopy, the exact energy of the
absorption edge in the XANES spectrum is a sensitive function of the chemical valence of the excited
atom. Accordingly, a shift of the absorption edge toward higher photon energies is observed as the
chemical valency of the absorber atom is increased, i.e., with increasing oxidation state. Thus, the
charge and discharge of batteries can be followed by inspecting the position of the absorption edge in-
situ and ex-situ (see, e.g., [2-4]). Furthermore, there are also features in the XANES below the edge.
These so-called pre-edge peaks can be attributed to transitions from the excited photoelectron into
unoccupied electronic levels of the sample, that is, an X-ray absorption spectrum probes the density of
unoccupied states of the absorbing element [1]. Each compound is thus characterized by a
characteristic shape in the edge region, i.e., from ca. 20 eV below the edge to ca. 50 eV above the edge,
that is characteristic not only for the oxidation state, but also for the coordination geometry of the
investigated compound [1, 5]. As a consequence, XANES spectra can be sensitively used for a qualitative
and quantitative analysis of mixtures, where the X-ray absorbing element is present in more than one
chemical state, for example by linear combination fitting with spectra of model compounds [6].

Here we want to investigate the feasibility of in-situ Vanadium K-edge XANES for battery materials. For
this purpose, a coin cell was equipped with two conductive Kapton windows (5 mm in diameter), a
carbon cathode, and a nanoscale V,0s-containing anode electrode, both coated on Al foil (see Fig. 1).
Cellulose was used as a separator and Potassium acetate was used as the electrolyte. Typically, a
thickness of about 1 um was used. The XANES experiments were conducted at DELTA beamline 10 [7],
employing a Si(111) monochromator, N,-filled ionization chambers for the incident and the transmitted
beam, and a large-area photodiode for the detection of the emitted fluorescence radiation.

OO L (9

In general, the transmitted signals are very weak, due to the strong parasitic absorption of the windows,
the counter electrode and the electrolyte, so that no meaningful XANES data could be detected in
transmission. However, employing the fluorescence signals, we were able to measure XANES spectra
of the Vanadium in the battery, as shown in Fig. 2. There we compare the V K-edge XANES of a V,0s

Figure 1. Photo of the un-
assembled coin cell with
front and back windows,
spacer membrane, and
the V-loading used for
the XANES experiments
at DELTA beamline 10.
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reference sample measured in fluorescence to that of the battery. As can be seen, the amplitude and
the edge jump of the XANES of the battery are smaller by a factor of about 1000, which reflects the
strong parasitic absorption by the electrolyte and the windows of the electrochemical cell. However,
the pre-peak at about 5470 eV typical for tetrahedrally coordinated V,0s [8, 9] is clearly visible also in
the spectrum of the battery, suggesting that V°* in a tetrahedral environment is dominating this
material. In order to obtain more quantitative information from the data and for systematic in-situ /
operando studies, further improvements (e.g. the use of an energy-dispersive X-ray detector for the
fluorescence) have to be considered.

T T T ™ Figure 2. V K-edge XANES
12 V,0, - spectrum from a V,0s
reference sample measured
10 B in fluorescence mode. The
: E pre-peak characteristic for
g 7] tetrahedral V°* is clearly
- 0.0012 pr—rrr T 7] .

_ ok oioto b — VReodgabatiary E resolved. In the insert, the
= - 00008 E —— V,04 : spectrum of the battery
B 0.4 3 = 0.0008 B material is compared to the

C Lk {00004 ] reference spectrum, that is

o E ggggg 1 scaled in amplitude to
s . i PRI _ match the battery
ook 5300 5400 5500 5600 ] spectrum. Pre- and post-
- Energy / eV edge features of the battery
oo ey ey by spectrum fit qualitatively
5300 5400 5500 5600 5700 5800 well to that of the V:0s

Energy / eV reference.

A more detailed analysis of the characterization of the catalyst is currently under way and will be
published in a forthcoming publication.
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	Introduction:
	Usual maintenance work was carried out on the DELTA EPICS-based control system. This includes hardware replacements, software updates, network infrastructure improvements and the EPICS integration of new device controls. One extensive renewal was the replacement of a large part of the outdated server infrastructure and the implementation of NixOS [1] environment, a Linux distribution based on the Nix package manager.
	The majority of deprecated servers (out of warranty and maintenance) have been replaced by two new 19-inch rack servers (based on: CPU EPYC 7443P 24C/48T). They were purchased in summer 2024 within the estimated investment funds and have been installed very soon after delivery in autumn 2024. The new hardware replaces also the outdated storage area network (SAN) system. For this purpose, the servers were configured as a redundant Proxmox cluster [2]. The Proxmox virtual environment operates as an open source server management platform for enterprise virtualization. It tightly integrates kernel-based virtual machine hypervisors (KVM) and Linux containers (LXC), software-defined storage and networking functionality, on a single platform. The integrated web-based user interface also simplifies the management of high availability within the server cluster and the integrated disaster recovery tool. At DELTA, the cluster operates as a KVM hypervisor for all implemented VMs. The VMs in turn provide general-purpose and a variety of DELTA-specific software services (see Fig. 1, right). These include, for example, the basic network services, machine services (e.g., EpicsLog, boot server, Epics-SoftIOCs, etc.), management services (e.g., database web services, monitoring, etc.) and general services (e.g., Git, DELTA-Wiki, elog shift book, etc.). An additional computer freed up by the server exchange also functions as a Proxmox backup server and acts at the same time as the third node in the Proxmox cluster to ensure high availability and reliability. This means that the failure of one of the above-mentioned services is automatically taken over by the other server within the cluster. The new installation partially replaces 13-year-old hardware and thus significantly increases computing performance (e.g., for database access and EpicsLog queries) and reliability. The new system has been running for several months with high stability, minimum maintenance effort and no downtime.
	To ease with maintenance and provide a more reliable software environment, a new operating system NixOS was evaluated. Our typical distribution is generally based on ad-hoc management of the operating system configuration. After installation of the software from the provided package manager, multiple files have to be edited to realize the needed features. Modern cloud computing provides tools like Ansible [3] to automate this process and allow version control of the configuration. But this can still lead to errors because of the order of operations or other side effects of changing the configuration. NixOS takes a different approach. The complete system con-figuration is defined in a domain-specific language called Nix (see Fig. 2, right). This provides build recipes for all software packages and all configuration files. The configuration can then be put under version control, providing a complete, reproducible system configuration. NixOS uses the Nix package repository [4] (nixpkgs) which provides more than 100,000 packages. The repository supplies pre-build binaries, so only the configuration files for the system need to be build. The Nix community provides many abstractions that make it easy to extend NixOS with own software and system configuration. At DELTA we developed a module for EPICS packages, which gives us an easy way to build EPICS base 3 and 7, asyn, streamdevice, gateway server and more packages [5]. We also developed modules for some of our own Python-based software (e.g., channel_access library, epicslog). A small number of virtual machines are already running NixOS, and the others will be ported from the Debian-based OS in the future. Because the Nix package manager can be used in addition to a distribution's package manager, it can also provide a consistent and tested repository of facility packages that can be used by users and researchers on other Linux-based distributions.
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