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Preface

It is a great pleasure to present the annual report for the year 2023 in the name of the staff of
the Chair for Functional Materials and the Soft Matter Physics Group. It provides an overview
of our teaching, research, and development activities. Our research activities are focused on
functional materials and cover a broad range from soft matter physics to developments of
methods and instrumentation. We examine the fundamental physics of material properties
using mainly scattering methods (neutron, x-ray, and light scattering). The general goal of
our research is to explain the functional characteristics of soft condensed matter from the
knowledge of molecular dynamics and nanostructure as well as their kinetics.

In 2023, the research activities covered the specific areas of polymer solutions and gels,
responsive thin films, functional thin films, photovoltaics, polymer-hybrid systems, materials
for energy storage, real-time characterizations, and the development of instrumentation and
software. In 2023, we had, in particular, many guests visiting us in Garching and presenting
their research work. We also traveled to many international conferences and workshops to
interact with international scientists and present our results.

The activities in the fields of polymer films for application in photovoltaics and polymer-hybrid
systems were successfully continued. With “TUM.solar”, the Keylab in the network of the
Bavarian Collaborative Research Project “Solar Technologies go Hybrid” (SolTec) headed by
Prof. Miiller-Buschbaum was running in its 12th year of funding. Research activities covered a
broad area of next-generation solar cells, including organic solar cells, dye-sensitized solar cells,
hybrid solar cells, perovskite solar cells, and quantum dot solar cells. Moreover, thermoelectric
materials and energy storage materials with a focus on lithium-ion battery technology were in-
vestigated. In addition, we investigated novel self-assembling responsive polymers, also under
high pressure, orthogonally switchable polymers, polymeric hydrogels, and bio-nanoparticles
for medical applications such as 3D bioprinting and drug delivery, as well as conjugated
polymers for colorimetric sensors.

The in-house experiments available in the laboratories of the chair were supplemented
by many activities at large-scale facilities, comprising synchrotron radiation and neu-
tron scattering experiments. In particular, the in-house x-ray scattering experiments for
SAXS/WAXS/GISAXS/GIWAXS as well as XRR/XRD were heavily booked. Importantly, a
new XRD instrument with the possibility of covering a large temperature range was newly
installed.

In 2023, the Chair for Functional Materials and the Soft Matter Physics Group comprised 5
fellows, 62 PhD students, 33 master students, 17 bachelor students, 1 student assistant, and 5
administrative and technical staff members. 8 PhD theses were accomplished; moreover, 17
master theses as well as 17 bachelor theses were finished. We were happy to have hosted 14
guests.

Importantly, we held our internal summer school again. It took place in the beautiful place
Nassfeld in Tirol, Austria, near the border to Italy and was dedicated to research topics of
interest for the group. Another highlight was the 8th European Conference on Neutron
Scattering (ECNS) being organized by the MLZ in Garching. 538 participants from all around
the world joined a very lively atmosphere.
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Regarding teaching activities of the chair, we offered the lectures “Materials science” (Pa-
padakis). Special lectures comprised “Polymer physics” (Miiller-Buschbaum), “Nanostructured
soft materials” (Papadakis and Miiller-Buschbaum) and “Measurement and sensor technology”
(Miiller-Buschbaum). Prof. Papadakis acted again as a deputy women’s representative of
the Physics Department, and Prof. Miiller-Buschbaum started as supervising Professor of the
“Electronic Lab” of the TUM School of Natural Sciences. Moreover, Prof. Miiller-Buschbaum
headed the activities in the “Network Renewable Energies (NRG)” in the MEP.

As a service to the community, Prof. Papadakis acted as one of the Editors-in-Chief of “Colloid
and Polymer Science”, and Prof. Miiller-Buschbaum served as Executive Editor at “ACS Applied
Materials & Interfaces”.

This annual report comprises a selection of the different research topics and projects carried
out in the individual groups of the chair. It highlights the dedicated and successful research
activities and collaborations with other groups and large-scale facilities. We wish all chair
members a fruitful continuation and a very successful year 2024.

Peter Miiller-Buschbaum and Christine M. Papadakis April 2024
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1.1 Effect of pressure on the micellar structure and aggregation behavior of
PMMA-b-PNIPAM in a water/methanol mixture

P. A. Alvarez Herrera, C. Henschel!, H. Amenitsch?, A. Laschewsky!, A. Schulte?,
P. Miiller-Buschbaum, C. M. Papadakis

1 University of Potsdam, Potsdam, Germany
2 ELETTRA, Trieste, Italy
3 University of Central Florida, Orlando, USA

Stimuli-responsive materials exhibit strong physical and chemical changes when exposed to dif-
ferent stimuli, as changes in temperature, pressure, or solvent composition. Thermoresponsive
polymers, for example, have been of great interest because they exhibit a drastic change in sol-
vation with temperature, which can be used in applications like drug delivery systems, tissue
engineering, and sensors. In aqueous solution, amphiphilic diblock copolymers consisting of a
permanently hydrophobic poly(methyl methacrylate) (PMMA) block and a thermoresponsive
poly(N-isopropylacrylamide) (PNIPAM) block self-assemble into core-shell micelles [1]. At at-
mospheric pressure, the micellar shell and the inter-micellar regions strongly dehydrate when
heated above the cloud point T;,, of PNIPAM. Besides temperature, adding a water-miscible
co-solvent also influences the self-assembly behavior of PMMA-b-PNIPAM. In particular, be-
low T, adding 10 % v/v of methanol leads to the softening of the PMMA core and a slight
shrinkage of the PNIPAM shell [1]. When pressure is applied, PNIPAM homopolymers remain
hydrated, even above T,,. Moreover, pressure increases their solubility in a water/methanol
mixture due to the weakening of the preferential adsorption of methanol in PNIPAM [2]. How-
ever, the effect of pressure on the micellar structure of PMMA-b-PNIPAM in a water/methanol
mixture is still unknown.

In the present study, we investigate the effect of pressure on the micellar structure and the ag-
gregation behavior of PMMA,;-b-PNIPAMyg3 in a 90:10 v/v water/methanol mixture by syn-
chrotron small-angle X-ray scattering (SAXS). Among others, a pressure scan with steps of 25
MPa was carried out at 31 °C, i.e. the coexistence line is crossed two times as indicated in Fig.
[L.Tp. The scattering intensity as a function of the momentum transfer ¢, which depends on the
scattering angle and the wavelength of the incident beam, is shown in Fig[1.1p for different pres-
sures.

Figure 1.1:

a) Phase diagram of PMMA-b-PNIPAM in a 90:10 v/v water/methanol mixture. The pres-
sure scan is indicated with a green arrow. b) Representative SAXS data with model fits (solid
black lines). Curves in the one- and two-phase regions are bluish and reddish, respectively.

At 10 MPa, i.e., in the low-pressure regime of the two-phase region, the curve shows a weak
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shoulder at ¢ ~ 0.1 nm™! and a smooth decay at higher ¢-values, indicating the formation of
large agglomerates in which the single micelles cannot be distinguished. We attribute this to
the low degree of solvation of the micellar shell and the inter-micellar regions, which leads to
the loss of the scattering contrast between the core and the shell of the micelles. In the one-
phase region, i.e., at pressures between 25 and 200 MPa, the curves feature a weak maximum
at ¢ ~ 0.2 nm~! and a shoulder at ¢ ~ 0.6 nm~!, which we attribute to the scattering of single
micelles. At 250 MPa, a strong correlation peak is present at ¢ ~ 0.3 nm~!, indicating that the
spatial correlation between the micelles strongly increases upon crossing the coexistence line.
Detailed structural information is obtained by fitting the SAXS data using suitable models.
For instance, the pressure dependence of the core radius R, the micellar radius R,,, the half-
distance between the correlated micelles Ry g, and the volume fraction of correlated micelles f
were deduced (Fig. [1.2p). At 10 MPa, the densely packed agglomerates have an overall radius
of ca. 105 nm. In the one-phase region, R. decreases with pressure while R,, increases up to
75 MPa and slightly decreases as pressure is increased further. There is no correlation between
the micelles (f; = 0) between 50 and 175 MPa. However, f, increases strongly at 200 MPa,
indicating that ordered clusters of micelles form as the coexistence line is approached. In the
high-pressure regime of the two-phase region, i.e., at pressures higher than 200 MPa, R,, de-
creases with pressure, which we attribute to the lower degree of solvation of the micellar shell.
Moreover, Rys > R,,; thus, the correlated micelles do not interpenetrate in this regime.

Figure 1.2:

a) Structural parameters for the pressure scan at 31 °C. Upper graph: Core radius R, (red
circles), micellar radius R,, (blue squares), and hard-sphere radius Ry s (green hexagons).
Lower graphs: Volume fraction of correlated micelles, fs. The dashed vertical lines indicate
the coexistence line deduced from SAXS. b) Schematic representation of the effect of pressure
at 31 °C on the micellar structure of PMMA-b-PNIPAM in a DO /CD3;OD mixture.

Our main findings are depicted in the scheme shown in Fig. [1.2b. In the low-pressure regime of
the two-phase region, the micelles form agglomerates with a low solvent content. After cross-
ing the coexistence line by increasing the pressure, these agglomerates dissociate into single
micelles, which are not spatially correlated. Aggregation of micelles begins in the one-phase
region near the coexistence line. After crossing the coexistence line for a second time, i.e., in
the high-pressure regime of the two-phase region, the clusters of micelles further grow with
pressure, which leads to the formation of large agglomerates of non-interpenetrating micelles.

[1] C.-H. Ko, C. Henschel, G. P. Meledam, M. A. Schroer, R. Guo, L. Gaetani, P. Miiller-Buschbaum,
A. Laschewsky, C. M. Papadakis, Macromolecules 54, 5825-5837 (2021)

[2] S.Bharadwaj, B.-J. Niebuur, K. Nothdurft, W. Richtering, N. A. van der Vegt, C. M. Papadakis, Soft
Matter 18, 2884-2909 (2022)
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1.2 Micellar solutions of PMMA-b-PNIPAM in water/methanol mixtures

C.-H. Ko, C. Henschel!, M. A. Schroer?, P. Miiller-Buschbaum, A. Laschewsky'3,
C. M. Papadakis

! Universitdt Potsdam, Germany
2 EMBL, Hamburg, Germany

3 Fraunhofer-IAP, Potsdam-Golm, Germany

For thermoresponsive polymers of lower critical solution (LCST) type, their cloud point
temperature, Tcp, may be reduced upon addition of a cosolvent, that itself is a good solvent
for the polymer (Fig. [1.3p). This co-nonsolvency effect has been employed in a wide range
of applications such as the sensing of volatile organic compounds, and it has predominantly
been studied using poly(N-isopropylacrylamide) (PNIPAM) homopolymers in aqueous solu-
tion in the presence of methanol. Here, we address the question which effect the cosolvent
methanol has on the micellar structures of diblock copolymers of PNIPAM with a hydrophobic
poly(methyl methacrylate) (PMMA) block in aqueous solution.

Figure 1.3:

(@) Schematic representation of the phase diagram of PMMA,;-b-PNIPAMyg; in wa-
ter/methanol mixtures in dependence on the methanol volume fraction. The green line in-
dicates Tcp, i.e. the coexistence line. The micellar structures on both sides of the coexistence
line are depicted. (b) Representative SAXS data of the PMMA »;-b-PNIPAMg3 solution in an
80:20 v/v water/methanol mixtures (symbols). The full lines are fits of structural models.
The curves are shifted vertically. (c) Resulting structural parameters. Rcore: radius of the mi-
cellar core, Rpicelle: radius of the entire micelle, Rcjyster: radius of fractal clusters formed by
the micelles. The grey dashed lines indicate Tcp. In (b) and (c), the colors indicate different
regimes.
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In our previous work, we found that, in aqueous solution, PMMA;-b-PNIPAM3g3 forms
spherical core-shell micelles [1]. Upon heating through Tcp, the shell dehydrates and contracts,
and the micelles form large, compact aggregates. When methanol is added, the structure of the
micelles as well as their interactions change strongly, when the phase boundary is approached
at room temperature [2]. These findings were attributed to (i) the softening of the PMMA
micellar core by methanol and (ii) the cononsolvency effect of methanol for the PNIPAM blocks.
Here, we present a synchrotron small-angle X-ray scattering (SAXS) study of the temperature-
dependent structures and interactions of micellar solutions of PMMA;-b-PNIPAM3g3 in an
80:20 v/v water/methanol mixture.

At this, a 10 g/L solution of PMMAy;-b-PNIPAMjg3 was prepared in a water/methanol
mixture having a mixing ratio of 80:20, respectively. Measurements were performed at the
BioSAXS beamline of the EMBL in Hamburg with an X-ray wavelength of 0.124 nm and a
sample-detector distance of 3.0 m. The samples were flowed through an in-vacuum quartz
capillary using an automatic sample changer. Heating scans were carried out around the
respective Tcp.

Representative SAXS data are shown in Figure [1.3b. Changes in the curve shapes are observed
throughout the entire temperature range, especially at low momentum transfers ¢, where the
intensity grows significantly upon heating. The data are analyzed by using a structural model
including, among others, the form factor of spherical core-shell micelles, a structure factor as
well as a form factor describing clusters of micelles.

In the PMMAy;-b-PNIPAM3gs solution in the 80:20 mixture, spherical core-shell micelles
are formed, however, they are smaller than the ones in neat water [1]. Already below Tcp,
the micelles form loosely packed clusters, which is due to the enhanced attractive micellar
interaction in the water/methanol mixture compared to the one in neat water. This points to
a weakening of the hydrophobic effect between the PNIPAM shell blocks. As Tcp is crossed,
both, the micellar core and the shell shrink strongly, i.e. the aggregation number decreases and
the PNIPAM shell block contracts. Moreover, the clusters become more compact and grow into
large, compact and smooth aggregates far above Tcp.

By comparing these data with the ones from solutions in neat water and in a 90:10 v/v wa-
ter /methanol mixture [3], it is seen that the presence of methanol and the distance to the coexis-
tence line have a significant influence on the temperature-induced morphological transition of
the micelles and their aggregation behavior. The higher the methanol content, the smaller are
the micelles, both due to their smaller core and their thinner shell. These reflect the interplay
of the change of the solubility of the PMMA block and the cononsolvency effect of the PNI-
PAM block. This comparatively simple system consisting of self-assembled micelles may help
in tuning switchable delivery systems by a cosolvent.

[1] C.-H. Ko, C. Henschel, G. P. Meledam, M. A. Schroer, P. Miiller-Buschbaum, A. Laschewsky,
C. M. Papadakis, Macromolecules 54, 384-397 (2021)

[2] C.-H. Ko, C. Henschel, G. P. Meledam, M. A. Schroer, R. Guo, L. Gaetani, P. Miiller-Buschbaum,
A. Laschewsky, C. M. Papadakis, Macromolecules 54, 5825-5837 (2021)

[3] C.-H.Ko, C.Henschel, G. P. Meledam, M. A. Schroer, R. Guo, P. Miiller-Buschbaum, A. Laschewsky,
C. M. Papadakis, Macromolecules 56, 8980-8992 (2023)
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1.3 Biocompaticle nanocarriers from trypsin and chondroitin sulfate

J. Allwang, S. Da Vela!, A. Chroni?, D. Selianitis?, A. Papagiannopoulos?,
C. M. Papadakis

1 EMBL at DESY, Hamburg, Germany

2 Theoretical and Physical Chemistry Institute, National Hellenic Research Foundation, Athens,
Greece

Nanoparticles (NPs) based on proteins are stimuli-responsive biomaterials that find applica-
tions, among others, in pharmaceutical and food systems. A promising way to control the
aggregation of proteins into nanoparticles with a narrow size distribution is their complexation
with polysaccharides, i.e. non-toxic biological macromolecules, and their stabilization by
thermal treatment. Previously, we succesfully prepared rather monodisperse NPs from the
globular protein trypsin (TRY) and the negatively charged polysaccharide chondroitin sulfate
(CS) and thus, exploiting the positive charge state of TRY at pH 4 [1]. In the present study,
we extended this work to a higher TRY concentration, which is of interest for applications
as nanocarriers [2]. We used a mixing ratio that corresponds to a 1:1 stoichiometry in the
charge neutralization and assessed the stability of the thermally treated NPs in a wide range of
pH-values. Experiments using modulated 3D cross-correlation dynamic light scattering (3D-
DLS) revealed significant changes at pH 9. Here, we report on the underlying changes of the
inner structure of the NPs as determined using synchrotron small-angle X-ray scattering (SAXS).

For our study, we used TRY from the bovine pancreas and the sodium salt of CS having a molar
mass of 23 000 g/mol. Aqueous stock solutions of TRY with citric acid and of CS were diluted
and mixed, and after equilibration, their pH-value was found at 4.3. Thermal stabilization was
achieved by keeping the dispersions for 20 min at 60 °C. Afterwards, the pH-value was altered
by adding small amounts of 1 M NaOH. SAXS measurements were performed at 20 °C at the
BioSAXS beamline of EMBL at DESY. X-rays with a wavelength of 0.155 nm were used together
with a 2D Pilatus 6M detector placed at a distance of 3.0 m. The 2D intensities were azimuthally
averaged, brought to absolute scale and averaged, and the background was subtracted.
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Figure 1.4:

Results from SAXS on dispersions of CS/TRY NPs [2]. (a) Representative SAXS data of the
untreated sample and the thermally treated ones at the pH-values given in the graphs. The
arrows indicate the shoulders. (b) Length scales from model fitting in dependence on pH.
Open and closed symbols indicate the untreated and the thermally treated dispersions. R,
denotes the radius of the spherical substructure, R;,; and R, the radii of gyration of the
smaller substructures.
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3D-DLS revealed that the untreated NPs and the thermally treated ones up to pH 8 have a
hydrodynamic radius in the range of 204 £+ 13 nm and a narrow size distribution, i.e. they are
stable against disintegration in this pH-range. In contrast, at pH 10.1-11.2, the distributions
of hydrodynamic radii are very broad, which may be assigned to an interplay of the ionic
interactions of the negatively charged TRY and the hydrophobic interactions.

The SAXS data from the identical dispersions feature strong forward scattering at low mo-
mentum transfers g, i.e. below 0.1 nm~! (Figure ). We attribute this contribution to the
form factor scattering from the entire NPs, whose overall size cannot be resolved with the
SAXS setup used. For the untreated dispersion, several shoulders are observed, pointing to a
hierarchical inner structure. The curves are similar for the thermally treated dispersions up to
pH 8.0. In contrast, at pH-values of 10.1-11.2, the data look qualitatively different: The forward
scattering is significantly weaker, and the shoulders are at different locations. To quantify
these differences, the curves are fitted by structural models, namely the sum of form factors of
structures on different length scales.

Figure (Figure ) shows the resulting length scales. The untreated dispersion features
compact NPs with inner structures that are spherical with an average radius Rs = 28 nm along
with a smaller structure having a radius of gyration of 10 nm. We attribute the spheres to
complexes from positively charged TRY and negatively charged CS, which form due to the
ionic interactions, and the smaller structures to the inner structure of the complexes, namely
extended CS chains, that are decorated by TRY molecules. Upon thermal treatment and at pH
4.3-8.0, the spherical substructures have average radii R, of 40-46 nm, i.e. they have grown
significantly during thermal treatment. Since thermal treatment is known to result in partial
unfolding of TRY, the hydrophobic interactions between the proteins become more important
and may be at the origin of the growth of these complexes. As pH is increased to 8.0, the radius
of gyration of the smaller substructures decreases slightly from 11.9 to 8.7 nm. When the pH
is increased from 8.0 to 10.1, drastic changes are observed: (i) The large, spherical substructure
has vanished. We hypothesize that the charge and the hydrophobic protein-protein interactions
are no longer sufficient to stabilize the TRY-CS clusters, because TRY becomes less positively
charged and the electrostatic attraction with CS weakens. (ii) While the small substructure at 8
nm persists, an additional, even smaller substructure appears, having a radius of gyration of
1.1-1.4 nm. We attribute these two smaller structures partially to the inner structure of the NPs
and partially to fragments that have been released from the NPs and that may consist of small
TRY-CS clusters and single TRY and/or CS molecules.

To summarize, NPs from TRY and CS have proven to be stable after thermal treatment up to
pH 8.0 with an unaltered size and with an inner structure that is mainly a result of the ionic
interaction between TRY and CS. At pH-values of 10.1-11.2, the size distribution is very broad,
and their inner structure is increasingly due to hydrophobic interactions. Apart from being an
interesting, biocompatible system for drug or nutrient delivery, the TRY-CS system is a model
system to determine the effects of the electric charge of the protein, of unfolding and exposing
hydrophobic residues upon thermal treatment and pH-increase in the presence of the negatively
charged polysaccharide.

[1] A. Papagiannopoulos, D. Selianitis, A. Chroni, J. Allwang, Y. Li, C. M. Papadakis, Int. ]. Biolog.
Macromol. 208, 678-687 (2022)

[2] J. Allwang, S. Da Vela, A. Chroni, D. Selianitis, A. Papagiannopoulos, C. M. Papadakis, ACS Appl.
Nano Mater. 2023, ASAP. https:/ /pubs.acs.org/doi/10.1021/acsanm.3c03826
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1.4 Gelation mechanism of alginate-g-PNIPAM-based thermoresponsive copoly-
mer in aqueous solution

W. Xu, F. Kounelaki, C. Tsitsilianis!, C. M. Papadakis

! University of Patras, Greece

Alginate is a naturally occurring, edible polysaccharide found in brown algae which is well-
known for its biocompatibility, degradability, and nontoxicity. These properties have made
alginate-based polymers a suitable biomaterial for various medical applications including drug
delivery and tissue regeneration [1]. In addition, the pendant group on the monomer unit of
the alginate macromolecule allows functionalizing them with thermoresponsive polymers.

In the current study, we investigate sodium alginates that are grafted with random copoly-
mers of N-isopropylacrylamide (NIPAM) and N-tert-butyl-acrylamide (NtBAM) (NaALG-g-
P(NIPAMg4-co-NtBAMg), see Fig. (@)). The side chains are thermoresponsive and become
water-insoluble at 25 °C. Above, the side chains collapse, resulting in gel formation. Besides,
the presence of divalent Ca®" ions will bind two negatively charged alginate chains, which also
induces gel formation. Due to the two co-existing gelation mechanisms, the system is a dual
cross-linked hydrogel (see Fig. (b) and (c)) [2]. The roles of the two gelators (Ca?" and
thermoresponsive PNIPAM) and the molecular building blocks of the gels are studied in aque-
ous solutions. The collapse of PNIPAM is induced by preparing the sample solution above its
collapse temperature.

Na* o
0= OH

OH
|0 \
l‘cq)\:/'\. CM,\,-_; Lo~ e
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I @ @ o o @
sodium alginate Ca?*

(a) t grafted
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Figure 1.5:

Structure of the (a) grafted alginate copolymer, (b) Ca?"-induced cross-linked alginate
copolymers in ‘egg-box” conformation, (c) thermally induced cross-linked alginate copoly-
mer.

Dynamic light scattering (DLS) was applied to characterize the diffusion of the alginate copoly-
mers, i.e., their hydrodynamic radius Rj;, and scattering intensity. The modified alginate was
dissolved in a PBS buffer (polymer concentration 0.1 wt.%) under three different conditions:
the first solution was unmodified (solution 1), the second solution was mixed with a calcium
chloride solution (C¢, = 0.14 mM) at room temperature (solution 2), and the third solution was
preheated to 45 °C (above the cloud point of PNIPAM block) before the addition of calcium
chloride (C¢, = 0.14 mM) (solution 3). DLS temperature scans were carried out from 20 °C to
50 °C at a scattering angle of 90° using an LS spectrometer (LS Instruments) equipped with a
660 nm laser.
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Figure 1.6:
DLS results: (a) Hydrodynamic radii in dependence of temperature; (b) Scattered intensity
in dependence of temperature. (c) Anticipated structural changes of alginate copolymers.

Fig. a) shows the temperature dependence of R;,. At 20 °C, the copolymer in solution 2
has a larger R; (900 nm) than in solution 1 (600 nm), which is attributed to the cross-linking
effect of the Ca?* ions. Solution 3 shows the smallest R;, (400 nm). The significant shrinkage in
particle size is assigned to the collapse of the side chain during sample preparation. The effect
of Ca?* on the particle size of the specific sample therefore became insignificant. When the
solutions are heated, their Rj-value decreases with increasing temperature between 30 °C and
35 °C. At 50 °C, the R, from solution 2 has decreased from 900 nm (at room temperature) to 400
nm, while that of solution 3 is only slightly affected. We conclude that the different solution
preparation approaches have led to the formation of two different microstructures. The wide
transition range also indicates that the collapse of the side chain is a gradual process. Fig. [1.6(b)
shows the scattered intensity of the sample solution at various temperatures at scattering angle
90°, which reflects the scattering contrast of the alginate with respect to the buffer. Solution 3
shows a significantly higher scattering intensity, i.e., the packing of the alginate induced by the
collapsed side chains is different from the one induced by Ca?* (Fig. c)).

Our study has revealed the differences between the two cross-linking mechanisms present in
the PNIPAM grafted alginate solution. The preparation method plays an important role in the
solution properties, especially the size of the dissolved molecules, which may be of importance
for the microstructure of the hydrogels prepared under the same conditions.

[1] R. Abka-Khajouei, L. Tounsi, N. Shahabi, A.K. Patel, S. Abdelkafi, P. Michaud, Mar. Drugs 20, 364-
382 (2022)

[2] K. Safakas, S. Saravanou, Z. Iatridi, C. Tsitsilianis, Int. J. Mol. Sci. 22, 3824-3843 (2021)
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1.5 Phase behavior of thermo- and photoresponsive diblock copolymers in aqueous
solution

P. Zhang, R. Steinbrecher!, D. Soloviov?, A. Laschewsky!, P. Miiller-Buschbaum?,
C. M. Papadakis

1 University of Potsdam, Institute of Chemistry, Potsdam-Golm, Germany
2 European Molecular Biology Laboratory, DESY, Hamburg, Germany
3 Fraunhofer Institute for Applied Polymer Research IAP, Potsdam-Golm, Germany

Stimuli-responsive diblock copolymers (DBCPs) have gathered considerable interest for drug
delivery due to their ability to alter the properties upon exposure to external stimuli, such
as temperature and light. Notably, thermoresponsive polymers such as poly(N-isopropyl
acryl amide) (PNIPAM) and Poly(N-dimethyl acrylamide) (PNDMAM) feature lower critical
solution temperature (LCST) behavior with a coil-to-globule transition at the cloud point
(CP). By employing PNIPAM as one of the blocks and incorporating a photo-active group
into PNDMAM as the other block, a dual-responsive DBCP with two distinct CPs is expected
(Fig. [1.7a). Here, azopyrazole (AzPy) was used as the photo-sensitive moiety due to its long
half-time and well distinguishable E and Z isomers. This way, the CP of the PNIPAM block
remains unchanged, while the CP of the PNDMAM block can be altered by exposure to UV
light. This enables the formation of unimers at low temperatures, micelles at intermediate and
inverse micelles at high temperatures, thereby achieving a dual switching of the structures (Fig.
[1.7b), which is of interest for uptake, transport and release purposes.

Figure 1.7:

a) Structural formula of the DBCP under investigation. The inset shows the isomerization
of AzPy. b) Schematics of thermoresponsive switching behavior of the DBCP in the E- (left)
and Z-state of AzPy (right).

We investigated the phase behavior of PNIPAMg3-b-P(NDMAMs;-co-AzPyNDMAMp) in aque-
ous solution at a concentration of 5 mg/ml. It was irradiated by a 365 nm UV light (200
mW /cm?) for 15 min to achieve a complete conversion from the E-state into the Z-state. The
solution structure, i.e. the polymer size and solvent quality as well as micelle and aggregate
formation, were investigated using synchrotron small-angle X-ray scattering (SAXS). The wave-
length used here was 0.124 nm, and the sample-detector distance (SDD) was 3.0 m.

For analysis of the SAXS data, the excluded-volume model was utilized. The scattering curves
of the E- and Z-state of the DBCP exhibit first individual chain scattering at lower temperatures.
For the E-state, additional forward scattering was observed at 35 °C and above, while for Z-
state, forward scattering occurred starting from 30 °C (Fig. [L.8p). This suggests a CP at 30 - 35
°C for the E-state and 25 - 30 °C for the Z-state.
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Figure 1.8: SAXS data of the diblock copolymer solution in the E-state (a) and Z-state (b).

Below the CP, the radius of gyration of the chains, Ry, is in the range of 4-6 nm for both polymers.
It is slightly larger in the Z-state than in the E-state (Fig. ). This can be attributed to the more
bent structure of the Z-state, which is sterically more demanding. Above the CP, the single
chains collapse, resulting in lower R, values, implying the collapse of the chains (Fig. [T.9p).
Regarding the lower excluded volume parameter D,, of the the Z-state compared to that of the
E-state, it can be inferred that the Z-state is more water-soluble (Fig. [1.9b). This is consistent
with the increased dipole moment resulting from the more symmetric configuration of the Z-
state. Regardless of the isomeric state, both of the samples exhibit decreased solubility with
increased temperature, which implies the collapse of the chains (Fig. [1.9b).
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Figure 1.9:

Resulting structural parameters: radius of gyration R, (a) and excluded volume parameter
D,,(b) of the diblock copolymer.

In conclusion, the thermo- and photoresponsive PNIPAMg3-b-P(NDMAMs5; -co-AzPyNDMAMEg)
lead to comparable CPs before and after irradiation with UV light, i.e. regardless of the confor-
mation of the AzPy group, each forming dissolved chains below the CP and aggregates above
the CP. In contrast to expectation, no micelles have been observed yet, thus, further tuning of
the block properties is needed.
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1.6 Injectable hydrogels from thermoresponsive tri- and tetrablock terpolymers
investigated using small-angle neutron scattering

F. Zheng, J. Kohlbrecher!, A. P. Constantinou?, T. K. Georgiou?, C. M. Papadakis

1 PgJ, Villigen, Switzerland
2 Imperial College, London, UK

Lower critical solution temperature (LCST) polymers have attracted great interest for 3D
bioprinting or drug delivery, as they can form a runny solution at room temperature, but
a hydrogel at body temperature [1]. Here, the effect of polymer architecture of fully bio-
compatible poly(ethylene glycol) (PEG) based thermoresponsive terpolymers featuring three
different blocks is addressed. These consist of the permanently hydrophilic oligo(ethylene
glycol) methyl ether methacrylate (OEGMA300, A), hydrophobic n-butyl methacrylate
(BuMA,B), and thermoresponsive di(ethylene glycol) methyl ether methacrylate (DEGMA,
C). A POEGMA300;7-b-PBuMA 7-b-PDEGMA 3 (ABC) triblock terpolymer and a PBuMA (-b-
POEGMA300;1-b-PBuMA o-b-PDEGMA; (BABC) tetrablock terpolymer were synthesized via
group transfer polymerization (GTP) and have an overall molar mass of 8300 g mol .

It was previously shown that, in aqueous solutions, both polymers show LCST behaviours and
form gels at sufficiently high polymer concentrations and temperatures. Interestingly, BABC
forms a gel at lower temperatures than ABC, but only at higher concentrations, namely 15 wt%
and above [2]. Here, we investigate the gel mechanism and the mesoscopic solution and gel
structures of both polymers at 15 wt% solution in dependence on temperature.

Figure 1.10:

SANS curves from 15 wt% solutions of
a) ABC triblock and b) BABC tetrablock
terpolymers in D,O at the temperatures
given in the plots. The grey, blue and
green colours indicate regime I (solution),
regime II (gel), and regime III (phase sep-
arated), respectively. The black full lines
fits of structural models. The curves are
shifted vertically for better visibility.

ABC and BABC terpolymers were dissolved in D2O at a concentration of 15 wt%. Small-angle
neutron scattering (SANS) measurements of both polymer solutions were performed at SANS-I
at Paul Scherrer Institut (PSI), to characterize the changes of the inner structures on temperature.
The neutron wavelength A\ was 0.8 nm with a spread of 10%. The sample-detector distances of
1.8 and 8.0 m were used to cover a ¢ range of 0.03-3 nm .

The SANS curves are shown in Figure indicating the presence of three distinct regimes
for both polymer solutions. For both polymers, the SANS curves exhibit shoulders at ¢
~ 04 nm'! at low temperatures in the solution regime, which can be attributed to the
presence of weakly correlated micelles. The curves from BABC show a more pronounced
increase in forward scattering at intermediate temperatures compared to ABC. Within the
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phase-separated state, the curves from ABC feature narrower peaks in the high ¢ region in
comparison to BABC, which suggests ABC forms more ordered structures upon further heating.

From the fitting results shown in Figure a-b), it is observed that there are three regimes
in dependence on temperature. In regime I, ABC forms spherical micelles with a constant mi-
cellar radius of ~5.9 nm, comprising the hydrophobic PBuMA core and the mixed shell from
hydrophilic POEGMA and thermoresponsive PDEGMA. In the gel regime (II), the correlation
between micelles becomes weaker, and the hydrophobicity of the thermodynamic PDEGMA
block increases, resulting in a sphere-to-cylinder shape change. In regime III, large aggregates
with high internal order are formed. BABC self-assembles into spherical core-shell micelles
in regime I, as depicted in the sketch of the structure shown in Figure [I.1T[c). The thermore-
sponsive PDEGMA block collapses upon heating, leading to the formation of micelles with a
dumbbell-shaped structure in the gel region. Regime III is characterised by an increased corre-
lation of micelles, with a change in their interactions from attracting to repulsive. This results in
the formation of a micellar network consisting of two types of compartments. The hydrophilic
POEGMA bridge that connects the hydrophobic cores enhances the overall flexibility of the net-
work.

Figure 1.11:

Temperature dependence of the structural parameters from SANS curves in Figure (@)
ABC and (b) BABC in D,0O at the concentration of 15 wt%. The three regimes are indicatd
by Roman letters at the top. (c) Sketch of the structure of micelles of both architectures with
increasing temperature.

In summary, the SANS measurements on solutions of both types of terpolymers elucidate the
effect of architecture on the process of gel formation and the resulting gel structure. The tri-
block terpolymer ABC self-assembles into spherical core-shell micelles at room temperature,
that transform into cylinders to form gels at high temperatures. In contrast, the tetrablock ter-
polymer BABC forms spherical core-shell micelles that aggregate at higher temperatures with-
out a shape change. Upon further heating, BABC transforms into a two-compartment elastic
micellar network.

[1] Z.Fu, L. Ouyang, R. Xu, R. Gehrke, Y. Yang, W. Sun, Mater. Today 52, 112-132 (2022)
[2] A.P. Constantinou, B. Zhan, T. K. Georgiou, Macromolecules 54, 1943-1960 (2021)
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2 Responsive thin films



24 CHAIR FOR FUNCTIONAL MATERIALS ANNUAL REPORT 2023

2.1 Photoswitchable molecules: impact on swelling in thermoresponsive polymer
films under UV irradiation

D. P. Kosbahn, R. Cubitt!, R. Steinbrecher?, A. Laschewsky?, C. M. Papadakis,
P. Miiller-Buschbaum

1 TLL, Grenoble, France

2 University of Potsdam, Potsdam-Golm, Germany

Photoswitchable dyes, like azobenzene and azopyrazole, have proven effective in manipulating
material properties. These azo-dyes undergo double-bond isomerization upon specific wave-
length irradiation, offering a non-invasive and high-temporal-resolution external stimulus [1].
Incorporating photoswitchable molecules into thermoresponsive polymers presents a strategy
for harnessing photoswitching to modify macroscopic bulk properties. Light-induced water
uptake, expansion, and morphology changes hold promise for applications in light-sensing de-
vices, photo-actuators, and light-induced drug delivery systems.

In this study, we combined azobenzene-acrylamide (AzAm) with the lower critical solution tem-
perature (LCST) type polymer poly(dimethylacrylamide) (pDMAm) to create statistical copoly-
mers. While aqueous solutions of these polymers have been shown to exhibit shifts in their
LCST when irradiated, their behavior has not been studied in thin films. We investigated the
swelling characteristics of p(AzAm-co-DMAm) thin films in both isomer states of the photo-
switchable molecule azobenzene (Az). The influence of UV irradiation on the swelling behavior
in water vapor was explored, aiming to control its thickness and water content.

With kinetic Fourier-transform infrared (FTIR) spectroscopy, we probed the vibrations of the
photoactive moiety while irradiated with UV-light. Fig. shows the far infrared section of
the kinetic measurement. It can be seen that there is a shift in several peaks, which respond
to different C-H out-of-plane bending modes. Fig. shows the peak position of the low-
wavenumber peak. A shift from ~692 cm™! to ~700 cm™! is evident, showing the successful
photoisomerization of the azobenzene moiety in the polymer film.

Figure 2.1:

a) Kinetic FTIR data of a dry p(AzAm-co-DMAm) film during irradiation with a UV lamp.
The peaks are marked as trans (before irradiation) and cis (after irradiation). b) Position of
the maximum of the ~700 cm ™! peak.

Utilizing in-situ time-of-flight neutron reflectometry (ToF-NR) measurements with high tempo-
ral resolution at the D17 instrument at ILL, we obtained depth-resolved data about the water
distribution during swelling, drying, and irradiation with UV-light. A custom-made sample en-
vironment, which allows for the control of temperature, humidity and irradiation was used for
the measurements [2]. The film was swollen in DoO-vapor and then irradiated with UV-light for
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one hour. Fig.[2.2a-b shows the static measurements taken in each of these states and the scat-
tering length density (SLD) profiles of the fit models. It can be seen that there is an increase in
film thickness and SLD when the film is swollen. When the film is irradiated, its thickness and
SLD decrease, indicating a loss of DoO. When the lamp is switched off, they increase towards
their previous values, with the exception of a water-rich layer between substrate and polymer.
This demonstrates a measurable, albeit small effect of UV light on the swelling of the polymer
film. Fig.[2.2-d shows the time-resolved ToF-NR results of the initial swelling of the film in
trans state. The fit results show an increase in thickness from 53 to 64 nm, due to uptake of D,O
by the polymer film. The fit results show that the dry polymer with a thickness of 53 nm expe-
riences an increase of thicknes when D70 is introduced to the sample environment, reaching a
final thickness of 64 nm when saturated with D,O molecules.

Figure 2.2:

a) Static ToF-NR curves (symbols) and fits (lines). b) SLD profiles of the models used for
fitting the data. c) Kinetic ToF-NR curves at different points in time (bottom to top), showing
data (symbols) and fits (lines). d) Thickness of the polymer film versus time (left axis, red)
and D,O volume fraction versus time (right axis, green).

In summary, the kinetic FTIR shows a successful isomerization of the azobenzene moiety in
the thin polymer film. Static ToF-NR results show a change in the film’s water content after
irradiation with UV-light and the time-resolved measurements shed light on the kinetics into
water uptake of the film. Our results reveal insights into how photoswitchable moieties affect
the microscopic properties of thin polymer films.

[1] A. Goulet-Hanssens, F. Eisenreich, S. Hecht, Adv. Mater. 32, 1905966 (2020)

[2] T. Widmann, L. P. Kreuzer, G. Mangiapia, M. Haese, H. Frielinghaus, P. Miiller-Buschbaum, Rev.
Sci. Instrum. 91, 113903 (2020)
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2.2 Influence of salts on the solubility properties of PNIPMAM thin films

J. Reitenbach, R. Cubitt!, D. Schanzenbach?, A. LaschewskyQ, C. M. Papadakis,
P. Miiller-Buschbaum

1 TLL, Grenoble, France
2 Universitit Potsdam, Potsdam-Golm, Germany

Poly(N-isopropylacrylamide) (PNIPMAM) is a thermoresponsive polymer that exhibits unique
properties, making it an intriguing subject of study in polymer science. One of its particular
features is its responsiveness to temperature changes around its lower critical solution tempera-
ture (LCST). When PNIPMAM is dissolved in water, it undergoes a phase transition at its LCST,
resulting in a reversible change in its solubility. Below the LCST, the polymer is hydrophilic and
water-soluble, while above the LCST, it becomes hydrophobic and precipitates out of solution.
Additionally, it displays a cononsolvency effect in mixed solvents, particularly in water-acetone
systems.[1,2] Unlike most polymers, which typically become more soluble with the addition of
a cosolvent, PNIPMAM exhibits a counter intuitive behavior by decreasing in solubility when
acetone is added to the in water dissolved polymer. The polymer’s versatility is enhanced by the
cononsolvency effect, which provides opportunities to adjust its solubility characteristics in dif-
ferent solvent environments. The solubility transition of PNIPMAM in response to temperature
and solvent composition allows for the design of smart materials with specific functionalities.
Furthermore, these properties can be influenced by the addition of salts to provide the possibil-
ity to tune the response behavior of PNIPMAM towards different kinds of stimuli. It is known
that certain ions can influence the solubility of a polymer system due to electrostatic interactions
between polymer chains, solvent molecules, and ions.[3] The specific ion effect is particularly
noticeable when ions selectively interact with specific functional groups on the polymer chain,
leading to changes in the interactions between the polymer and the solvent.

Inspired by the unique properties of PNIPMAM and the interplay between the mentioned phe-
nomena PNIPMAM thin films containing different kinds of salt and coated on silicon substrates
are fabricated and studied. To study the effect of salts on the cononsolvency effect, the salt-
containing PNIPMAM thin films are firstly swollen in a water-rich atmosphere before they are
exposed to a water-acetone vapor mixture atmosphere in a certain ratio to induce the collapse
transition of the polymer thin films. The experiment is conducted at a constant temperature
to exclude effects originating from the thermoresponsive behavior of PNIPMAM. Two different
perchlorate salts are chosen to be added to the polymer films, namely sodium and magnesium
perchlorate.

These systems were investigated with time-of-flight neutron reflectometry (ToF-NR) to obtain
the thickness evolution over time and to elucidate the solvent distribution inside the films upon
the introduction of the different kind of solvent atmospheres. In Fig. the fitted reflectiv-
ity patterns obtained during the dynamic measurements, i.e., the swelling and collapse process
upon the introduction of the different solvent vapors and the thickness evolution over time of
the salt-containing PNIPMAM thin films are shown. By inspection of the obtained reflectivity
curves it can be seen that the modulations of the Kiessig fringes are changing during the indi-
vidual processes. When the spacing of the fringes decreases, a thickness increase is observed
and vice versa. Additionally, the position of the critical edge gives information about the overall
scattering length density (SLD) of the system which is comprised by the individual SLDs of the
different components inside the film. If the edge is moving towards higher g, values a compo-
nent with a higher SLD is incorporated into the films and vice versa. As D,O has a rather high
SLD compared to acetone and the polymer system, it is expected that the critical edge moves
towards higher g, values when D,O is incorporated into the film. Contrarily, when acetone is
introduced, a shift towards lower g, values is expected.
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Figure 2.3:

a,b) Reflectivity patterns and the corresponding fits obtained during the swelling and col-
lapse processes for both investigated systems. c) Thickness evolution over time for the PNIP-
MAM thin films containing either NaClOy (green) or Mg(ClO4), (orange).

By comparing the thickness evolution over time of both systems it can be seen that in pure
D,0O vapor atmosphere (100% D,O gas flow) both systems show an increase in film thickness,
where the NaClOy4 containing PNIPMAM thin film shows the strongest increase. After an
equilibrated swollen state of the films is reached, a water-acetone vapor mixture with the ratio
of 90:10 was introduced into the surrounding of the films. Both investigated films show a film
thickness decrease which is attributed to a volume contraction of the films. Again, the NaClO4
containing PNIPMAM thin film shows the strongest response with a film thickness decrease
of over 50%. This investigation shows that the addition of salt can influence the response
towards solvent vapor atmospheres of PNIPMAM thin films. The pronounced difference in the
solvent uptake behavior is remarkable since both salts consist of the same anion (perchlorate)
and only differ in the type of the cation. It is believed that this effect is not only due to the
different solubilities of the salts in water, i.e., higher solubility of sodium perchlorate in water,
but also due to the influence of the salts on the electrostatic interactions between the individual
components in the system leading to a change in the solubility of the polymer in the different
solvents. However, these observations demonstrate the potential of salts to influence solubility
properties of polymer thin films and thereby salt can act as a tuning parameter to either increase
or decrease the responsiveness of such systems. In summary, this highlights the possibility to
fine tune specific properties of an already known polymer system and to be able to adapt these
to the desired requirements for a given application instead of the de novo design of materials.

[1] C. Geiger, J. Reitenbach, C. Henschel, L. P. Kreuzer, T. Widmann, P. Wang, G. Mangiapia, J. -
F. Moulin, C. M. Papadakis, A. Laschewsky, P. Miiller-Buschbaum, Adv. Eng. Mater 23, 2100191
(2021)

[2] P. Wang, C. Geiger, L. P. Kreuzer, T. Widmann, J. Reitenbach, S. Liang, R. Cubitt, C. Henschel,
A. Laschewsky, C. M. Papadakis, P. Miiller-Buschbaum, Langmuir 38, 69346948 (2022)

[3] J. Reitenbach, C. Geiger, P. Wang, A. Vagias, R. Cubitt, D. Schanzenbach, A. Laschewsky, C. M. Pa-
padakis, P. Miiller-Buschbaum, Macromolecules 56, 567-577 (2023)
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2.3 Salt series modulated solvation behavior of poly(sulfobetaine)-based diblock
copolymer thin films in mixed water/methanol atmosphere

P. Wang, R. Cubitt!, A. Laschewsky?, C. M. Papadakis, P. Miiller-Buschbaum

1 TLL, Grenoble, France
2 Universitit Potsdam, Potsdam-Golm, Germany

Over the past decades, many experimental works illustrated that the presence of salts plays
a widespread specific ion effect (SIE) on the phase transition behavior of thermoresponsive
polymers, following a well-known Hofmeister series: CO3%2~ > SO4% > PO4H?* > F >
CH3COO™ > CI™ > Br™ > 17 > NO3™ > ClO4~ > SCN™.[1-4] In our previous studies, the
added cosolvent (methanol or acetone) disrupts the water structure, resulting in a collapse of
poly(sulfobetaine)-based diblock copolymer (DBC) thin films.[5,6] This phenomenon is known
as “cononsolvency behavior”. Thus, the presence of salts (water structure makers or breakers)
is expected to have a dramatic effect on the cononsolvency behavior of DBC films. To study the
salt effect on the conosolvency behavior, the PSBP-b-PNIPMAM thin films, loaded with five dif-
ferent potassium salts (anions are CH;COO™~, CI~, Br—, I, NO3 ™) respectively, are prepared to
examine the solvation behavior upon water and subsequent mixed water/menthol atmosphere
via in situ spectral reflectance (SR) and Fourier-transform infrared (FT-IR) spectroscopy.

Figure 2.4:

Evolution of the swelling ratio d/d;,; obtained from SR measurements as a function of time
for PSBP-b-PNIPMAM thin films upon a) vapor switching process and b) pure methanol
swelling process.The black arrows indicate the positions where the swelling ratios changes.

Obviously, the synchronously developed thicknesses of DBC thin films obey an independent
salt series: CH3COO™ > Cl~ > Br~ > NO3~ > I7, as shown in Fig. a. Importantly, except
for the maximum swelling ratio upon H,O swelling process (stage /I in Fig. a), both the
times to end the middle near-linear or subsequent slow contraction (black arrows, stage /11
in Fig. a), also obey the established salt series. Besides, the salt effect on the swelling
ratio of DBC films realizes a continuous and uniform layer distribution without changing the
variation trend. Compared to salt-free samples, a higher swelling ratio for salt-loaded samples
illustrates a significant salting-in effect even in a mixed water/methanol atmosphere. Upon
pure methanol swelling process (stage IV in Fig. 2.4b), all DBC films swell instantaneously to
a high ratio and then contract immediately to the equilibrium in a short time. This implies that
all films experienced a process of instantaneous absorption and subsequently brief release of
methanol molecules. We clarified this phoneme as “methanol self-relaxation”. The relaxation
time (black arrow, stage IV in Fig. b) depend on the anion species loaded but is difficult to
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distinguish due to partial overlapping or interspersing.

Upon D,O hydration (Fig. a), the height and area of the hydroxyl band of D>O (vas(O-Dy)
~ 2540 cm ') increases while decreasing for HyO (vas(O-Hs) = 3400 cm 1), since the absorbed
D>0O molecules replace the residual H>O. Analogously, the reversed variations in both hydroxyl
bands upon mixed vapor switching, illustrate the coexistence of water release and methanol-ds
absorption. As expected, the salt effect on absorbed D>O contents upon D>O hydration (solid
lines, stage II in Fig. b) obeys the salt series founded with SR, that CH;COO~ > Cl~ >
Br~ > NO3;~ > I™ for DBC films. Differently, upon vapor switching, the salt series above are
inherited clearly by the equilibrated methanol-d3 contents (dashed lines, stage /11 in Fig.
b) instead of D>O contents. This implies that the determined salt series mainly maintained by
the absorbed methanol-d3; content in the presence of nearly equal amounts of DO content. In
addition, the phenomena of methanol self-relaxation, leading to a short reswelling process in
the first 10 min, is observed clearly in methanol-ds content.

Figure 2.5:

a) %T—IR spectra and b) temporal evolution of normalized peak areas of O-D and O-H stretching vibra-
tions of salt-loaded DBC films. The black arrows in panel a) highlight the growth or decay of char-
acterized signals. The peak areas of O-H stretching vibrations in panel b) are plotted as dotted lines
corresponding to the right y-axis, to distinguish them from O-D stretching vibrations.

In short, the salt effect of potassium salts (KCH3COO, KCl, KBz, KI and KNOs3) on the solvation
behavior of DBC thin films is systematically studied via SR and FT-IR in water and subsequent
mixed water/methanol atmosphere. Compared to the reference studied salt-free samples we
observe a salting-in effect.
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3.1 Synthesis and self-assembly of gold nanoparticles for optoelectronic devices
K. N. Gavriilidou, T. Guan, P. Miiller-Buschbaum

Plasmonic nanostructures such as gold nanoparticles (AuNPs) have gained significant attention
for their unique plasmonic properties, which make them useful for a range of applications, in-
cluding chemical and biological sensing, solar energy harvesting, and plasmon-enhanced spec-
troscopies [1]. The tailoring of plasmonic arrangement size and inter-particle distance allows
for precise control of optical and electrical properties. This can enhance the light-matter interac-
tion resulting from localized surface plasmon resonances (LSPRs). Due to their LSPRs, AuNPs
exhibit size- and shape-dependent light absorption and scattering, as well as near-field ampli-
fication. Integrated nanocomposites that combine photoactive materials with plasmonic metals
are of particular interest due to their ability to enhance the overall properties of the hybrid film.
The hybrid nanostructures offer several advantages, including high processability, spectral tun-
ability, and compatibility achieved by tuning the morphology and arrangement of plasmonic
nanoparticles [2]. To fully explore the benefits of plasmonic-enhanced optoelectronic devices,
it is crucial to optimize plasmonic nanostructures based on AuNPs to achieve high-efficiency
optoelectronic devices. Therefore, it is necessary to produce AuNPs with high monodispersity
and shape control across a wide range of sizes. Additionally, it is important to prevent NP
aggregation as it can significantly impact film morphology and charge carrier efficiency. The
self-assembly of AuNPs is a frequently used strategy for fabricating large-area plasmonic struc-
tures and preventing NP aggregation [3].

Figure 3.1:
a) Synthesized AuNPs of varying sizes, dispersed in water b) UV-Vis spectrum of the same
solutions

Starting with the synthesis, small AuNPs were prepared using a seed-mediated growth proce-
dure. Large AuNPs were produced by overgrowing the small AuNPs with mild oxidation [1].
The method’s basic principle involves reducing the precursor using a strong reducing agent to
form seed particles and then add them to a metal salt. The final size of the NPs was controlled
by the amount of AuNPs seeds added for growth, assuming that the amount of metal salt re-
mains constant. Due to their LSPRs, AuNPs exhibit size-dependent light absorption. As the
diameter of the NP increases, the wavelength of maximum absorbance shifts towards longer
wavelengths (Fig. [3.Th). The change in color of the NP solution with increasing size can also be
observed visually, as demonstrated in the Fig. .

After synthesizing AuNPs of different sizes, hybrid nanostructures were developed that con-
tain self-assembled AuNPs embedded in a solid matrix of PbS colloidal quantum dots (CQDs)
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for use in optoelectronic devices. As shown in Fig. B.2b-c the AuNPs array was successfully
dispersed on Si substrates using the self-assembly monolayer (SAM) method. These nanostruc-
tures could effectively prevent the aggregation problem of plasmonic metallic NPs. Therefore,
they could be applied in optoelectronic devices based on CQDs to enhance their performance.
From the SEM images (Fig. [3.2a-c) it is evident that the AuNPs have a significant impact on
the formation of the PbS film, thereby affecting the morphology of the hybrid film. Grazing-
incidence small-angle X-ray scattering (GISAXS) has also been used to investigate the hybrid
film (Fig. B.2d-f) , as it has been proven to probe quantum dimension and inner film morphol-
ogy [4]. Fitting the GISAXS data is expected to provide a better understanding of the hybrid
film morphology. To gain insight into the device’s performance improvement, electrical mea-
surements are necessary. Further investigation of the morphology and optoelectronic properties
of the hybrid nanostructure could provide guidance for its application in optoelectronic devices
in the near future.

Figure 3.2:
SEM and GISAXS measurements of the hybrid film a,d) bare Si/PbS film, b,e) Si/PbS with
10nm AuNPs, ¢,f) Si/PbS with 20nm AuNPs
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3.2 Sputter deposition of Ag on self-assembled Au nanoarrays

T. Guan, P. Miiller-Buschbaum

The intensified interactions between light and matter, driven by Localized Surface Plasmon
Resonance (LSPR), arise from the electromagnetic fields generated at the junctions between
metallic nanostructures.[1] Structural strategies design can alter the plasmonic characteristics,
as arranging metallic nanostructures enables the control of plasmonic coupling interactions,
thus influencing their overall optical features. These distinctive properties make metallic
nanostructures suitable for analytical purposes, such as surface-enhanced Raman scattering
(SERS). For improved sensitivity in SERS, it’s crucial to have precisely defined plasmonic
structures that can effectively create and enhance these "hotspots”.[2] The characteristics of
LSPR are greatly influenced by the type of metal used and the distance or nanogaps between
particles in the metallic nanostructure. In the field of SERS applications, gold (Au) and silver
(Ag) are particularly favored due to their plasmonic properties. Additionally, one method
to further enhance plasmonic properties is creating a bimetallic or polymetallic plasmonic
structure. These bimetallic systems, as opposed to single-metal systems, can merge the unique
benefits of each metal, leading to an overall enhancement of their properties. To optimize the
functionality and application possibilities of such metal structures, a careful monitoring of their
formation process is essential. Therefore, there is an urgent need for an in situ technique with
high-resolution capabilities to observe and track their developmental process.

Figure 3.3:
SEM images of both 10 nm and 20 nm Au NPs array on the Si substrate and schematic
diagram of GIXS measurement.

Grazing-incidence X-ray scattering (GIXS) stands out as an effective method for analyzing
nanostructures at the nanoscale level.[3] Its popularity in in situ experiments stems from its
ability to capture high-temporal-resolution data and its strong penetration detection capabil-
ities. Furthermore, GIXS is useful for examining the size, spatial distribution, and crystalline
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properties of metallic.[4] Herein, we propose creating a bimetallic nanostructure by sputter-
depositing Ag onto self-assembled Au nanoarray with in situ monitoring using GIS/WAXS
(grazing-incidence/small and wide-angle X-ray scattering). In particular, we constructed
arrays of both 10 nm and 20 nm Au NPs on a Si substrate and then applied high-power impulse
sputtering of Ag with a deposition rate of approximately 3.06 A/s on top, to form an Au/Ag
bimetallic nanostructure (Fig. Fig. depicts the time-dependent changes in the GIWAXS
data for 10 nm and 20 nm samples. Comparable to the GIWAXS outcomes for the uncoated
Au nanoparticles, two prominent peaks are observed, which align with the (111) and (200)
crystallographic planes of the Au/Ag structure. As the Ag deposition time extends, there is
a noticeable and steady increase in the intensity of these peaks. Fig. displays contour
plots that evolve corresponding to the horizontal line cuts at the Yoneda peak position in the
Au/Ag samples. The detailed examination of these binary structures will further analyze and
study their potential application as SERS substrates. We anticipate that the developed binary
nanostructure will offer valuable guidance for analytical applications in the near future.

Figure 3.4:
a) Mapping of vertical line cuts from 2D GIWAXS data and b) horizontal line cuts from
2D GISAXS data measured during the sputter deposition of Ag on both 10 nm and 20 nm
nanoarrays.
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3.3 Polymer hydrogel films for green hydrogen production

M. P. Le D4, N. Chaulagain!, R. Cubitt? C. Henschel?®, A. Laschewsky?, P. Miiller-
Buschbaum
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2 ILL, Grenoble, France
3 Fraunhofer-Institut fiir Angewandte Polymerforschung, Potsdam-Golm, Germany

Hydrogen (H,) is an increasingly in-demand resource across various sectors. The majority of
this demand surge arises from conventional applications, notably in refining and industrial
processes. Moreover, the energy sector is actively exploring hydrogen-based alternatives to
address the substantial increase in energy consumption. Hydrogen production methods are
categorized along a color spectrum. Grey denotes processes utilizing natural gas or methane,
relying on non-renewable resources. Conversely, hydrogen is labeled green when produced
exclusively using energy from renewable sources. Presently, grey hydrogen dominates the
overall production landscape. The production of green hydrogen is on the rise, with water
electrolysis emerging as the predominant technology in the green hydrogen sector.

This project aims to create a device for producing green hydrogen using a less-explored
technology: water photocatalysis derived from the water splitting reaction. The core concept
involves utilizing hydrogel polymers in a thin film configuration as a water storage material to
accommodate an appropriate photocatalyst. This innovative system is positioned to serve as an
efficient and environmentally friendly method for producing green hydrogen.

The initial phase of this project focuses on identifying a suitable polymer. For this purpose,
poly(N-isopropylacrylamide) (PNIPAM) and its structural isomer, poly(N-isobutyramide)
(PNVIBAM), have been selected for comparison. PNIPAM is recognized for its favorable
water swelling capacity below its transition temperature (approximately 32 °C in water).[2]
However, PNVIBAM is a promising candidate due to its heightened thermal stability (transition
temperature approximately 39 °C in water).[3] This study aims to provide a comparison of
the water swelling behaviors of PNIPAM and PNVIBAM, employing neutron reflectivity.
PNIPAM and PNVIBAM thin films were placed in a custom-made chamber connected to a
gas-flow set-up. The films were exposed to deuterated water (D,0O) vapors to enhance a better
contrast under neutron characterization. Knowing the scattering length density (SLD) of the
polymers, the volume fraction of the absorbed D,O of the films has been determined. It was
observed, as depicted in Fig. that the PNIPAM film exhibits a superior swelling capacity
compared to PNVIBAM. Specifically, PNIPAM achieves a volume fraction of D,O 6% higher
than PNVIBAM. Consequently, PNIPAM has been selected as the polymer water storage for
the hydrogen evolution system.

The subsequent phase of this project focused on loading the PNIPAM film with a suitable cat-
alyst for the photocatalytic water-splitting reaction. As a candidate, platinum-loaded carbon
nitride (Pt-CN) was chosen due to its favorable bandgap of 2.7 eV and environmentally friendly
characteristics. Additionally, carbon nitride presents a straightforward and cost-effective syn-
thesis route, enabling large-scale production.[4] A new home-built setup was designed to fa-
cilitate the production and detection of hydrogen from thin films. This setup incorporates a
solar simulator light source (class ABA) with a light intensity of 100 mW.cm™2. The hydrogen
detection is performed using an online gas chromatograph. For the photocatalytic experiment,
a Pt-CN-loaded PNIPAM solution was drop cast onto a glass substrate. The swelling of the
polymer film was induced by the presence of water channels within the sample environment.
The schematic representation of the experimental setup is illustrated in Fig. This setup not
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Figure 3.5: Time evolution of the D,O content of PNIPAM and PNVIBAM films.

Figure 3.6:
Schematic view of the experimental design of the hydrogen production via photocatalytic

water splitting reaction.

only allows controlled production of hydrogen from thin films but also enables accurate detec-
tion, providing valuable insights into the efficiency of the Pt-CN-loaded PNIPAM system in the

photocatalytic water splitting reaction.
Following a swelling duration of 20 hours, the film underwent light irradiation to initiate the

water-splitting process. The exposure to light was maintained for a period of 3 hours, after
which a fraction of the head volume from the sample environment was introduced into the gas
chromatograph. Subsequently, the hydrogen evolution rate was determined, revealing a note-
worthy value of 2777 umol - g~*-h™'. This observed rate highlights the efficiency of the system
in producing hydrogen through the photocatalytic water-splitting reaction, offering promising
implications for its practical application and sustainability in the field of green hydrogen pro-

duction.
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3.4 Tunable mesoporous films with ZnTi-mixed metal oxides via diblock copolymer
templating

Y. Li, N. Li!, P. Miiller-Buschbaum
1 UESTC, Chengdu, China

Zinc titanium oxides (ZnTiO3, Zn,TiO4, and Zn,Ti3Og), serves as an efficient heterogeneous
catalyst, notably enhancing reaction rates by improving the charge separation efficiency of pho-
togenerated electron-hole pairs within the intra-heterojunction.[1] It is a promising and envi-
ronmentally friendly material with various applications, for example, dehydrogenation reac-
tions,[2] photostable perovskite solar cells,[3] photocatalyst.[4] The synthesis strategies contain
the sol-gel process, hydrothermal method, solid-state reaction, precipitation method, and elec-
trochemical method.[5] The sol-gel process is commonly used in the production of mesoporous
structure films for organic-inorganic hybrid films due to its ability to precisely control their
shape and size. In this work, we used the sol-gel process to prepare the hybrid films of diblock
copolymers polystyrene-block-polyethylene oxide and the precursors of titanium dioxide and
zinc oxide. Then, the hybrid films were calcined to obtain zinc titanium oxide mesoporous films.
The differences in the film morphologies before and after calcination demonstrate the function
of the polymer template and calcined temperature in the mesoporous films. The impact of these
variables on the hybrid film structures and crystal films is examined by scanning electron mi-
croscope based on the surface morphologies. This study explores the impact of temperature
and precursor ratios on the morphologies of mesoporous zinc titanium oxide films, providing
insights for optimizing their properties for potential applications.

Figure 3.7:

SEM images of the mesoporous zinc titanium oxide films when the ratio of two precursors
is 1:1 by changing calcination temperature (a) room temperature, (b) 300°C, (c) 400°C, (d)
600°C.

Two precursors of titanium oxide and zinc oxide with two mass ratios of 1:1 and 3:7, respec-
tively, were used in sol-gel solutions containing the diblock copolymers. The prepared hybrid
films consisting of the copolymers and the precursors will be calcined at 300°C, 400°C, and
600°C. The surface morphologies of the fabricated films were characterized using scanning
electron microscopy (SEM). Fig. [3.7|shows the surface morphologies of the films when the ratio
of two precursors is 1:1. Comparing the hybrid film before calcination (a) and after calcination
(b-d), the images illustrate the morphology evolution from small holes and unclear worm-like
structures to clear worm-like structures, with an increase in the width of the worm-like
structures. The small hole of the hybrid film may be attributed to solvent evaporation during
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the drying process. The worm-like structures were observed in the hybrid film before and
after calcination. The increased width of the worm-like structures with increasing calcination
temperature implies that they were formed by the diblock copolymer templates.

Figure 3.8:

SEM images of the mesoporous zinc titanate films when
the ratio of two precursors is 3:7 by changing calcination
temperature (a) room temperature, (b) 300°C, (c) 400°C,
(d) 600°C.

The self-assembly structure of amphiphilic diblock polymers can be affected by the additives
due to differences in interfacial energy. Thus, here we assume that the ratio of the two
precursors may also impact the final morphologies. In order to investigate the effects of the
precursors, we prepared a hybrid film with a titania-to-zinc ratio of 3:7. The resulting hybrid
films were calcined at 300°C, 400°C, and 600°C, as shown in Fig. Fig. illustrates the
film morphologies of the films with and without a polymer template. When comparing the
morphology of Fig. (a) to that of Fig. (a), it is evident that the increasing content of
zinc precursor causes the polymer templates to change from worm-like to spherical surface
morphologies. This change may be due to the altered interfacial energy in the film. As the
calcination temperature is increased from 300 to 600°C, the surface morphologies exhibit not
only ordered spherical structures but also ellipsoid particles. The porous structures are a result
of the polymer template, with pore sizes slightly increasing as the temperature rises. The
formation of aggregates after calcination is assumed to be related to the different temperatures
required for different crystalline formations.

Due to the possibility of having different morphologies of a film on the surface and inside,
grazing incidence small-angle X-ray scattering (GISAXS) measurements will be used to gain
the size and shape of nanostructures into the inner structures. The crystal structures formed
in the calcined films, as shown in Fig. and Fig. are different which probably caused
due to different crystal type. The crystal types of the calcined films will be proved using X-ray
diffraction, which has high potential in photoelectric applications.
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3.5 Humidity influence on ionic liquid post-treated PEDOT:PSS films
A. L. Oechsle, R. Cubitt!, P. Miiller-Buschbaum
1 TLL, Grenoble, France

Organic electronics have gained increasing significance in various applications, such as light-
emitting diodes, bioelectronics, displays, transistors, solar cells, and sensors. Notably, or-
ganic electronics, including the widely used polymer blend poly(3,4-ethylene dioxythio-
phene):poly(styrene sulfonate) (PEDOT:PSS), exhibit unique advantages over their inorganic
counterparts. These advantages include low toxicity, lightweight, transparency, mechanical flex-
ibility, and cost-efficient large-scale fabrication processes. The following study focuses on the ef-
fects of environmental factors[1], specifically ambient humidity[2], on the performance and sta-
bility of PEDOT:PSS thin films post-treated with the ionic liquid 1-ethyl-3-methylimidazolium
dicyanamide (EMIM DCA). The intricate nanoscale domain structure of PEDOT:PSS, altered by
the post-treatment, plays a crucial role in the material’s properties.[3]

Figure 3.9:

a) Film thickness evolution, b) water uptake, c) electronic conductivity, and d) ionic con-
ductivity of PEDOT:PSS thin films post-treated with different concentrations of EMIM DCA.
Adapted with permission from reference [2]. Copyright (2023) American Chemical Society.

In situ spectral reflectance (SR) and time-of-flight neutron reflectometry (ToF-NR) were em-
ployed to investigate the swelling behavior of PEDOT:PSS films during exposure to defined
humidity protocols. The study focuses on two concentrations of EMIM DCA (0.05 M and 0.35
M), with a 0 M reference sample. The results reveal that post-treatment with EMIM DCA influ-
ences the film’s swelling behavior and water uptake, presented in Figure[3.9]a) and b). The films
exhibit significant swelling, with the maximum relative swelling ratio being higher for a higher
EMIM DCA concentration. In-depth analysis through static ToF-NR measurements confirms
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the changes in film thickness and provides insights into the water incorporation and polymer
layer evolution.

In situ electrochemical impedance spectroscopy (EIS) was conducted to assess the humidity-
dependent conductivity behavior of the PEDOT:PSS films. The results are shown in Figure
¢) and d). The 0 M reference sample exhibits only electronic conductivity, while the 0.05 M
and 0.35 M samples display both electronic and ionic conductivity contributions. The electronic
conductivity decreases with increasing humidity, whereas ionic conductivity increases, reaching
maxima at 80% RH. The influence of post-treatment on the conductivity behavior is attributed
to changes in the PEDOT:PSS domain morphology and the incorporation of ionic liquid ions.[3]

Figure 3.10:

Schematic sketch of the charge
carrier transport properties at dif-
ferent humidites of PEDOT:PSS
thin films post-treated a) with-
out or b) with EMIM:DCA. All
figures are adapted with permis-
sion from reference [2]. Copy-
right (2023) American Chemical
Society.

A comprehensive model is proposed to illustrate the influence of humidity on the morphology
and charge carrier transport in PEDOT:PSS films, both with and without EMIM DCA post-
treatment, as presented in Figure a) and b). The untreated film experiences decreased
electronic conductivity with rising humidity due to water uptake in the hygroscopic PSS matrix
and increasingly hindered intra-domain charge transport. In contrast, EMIM DCA post-treated
films exhibit an additional ionic conductivity, which is enhanced at higher humidity levels.
These films also undergo swelling and water uptake into the PSS matrix, which positively
affects the ionic charge transport of ionic liquid ions incorporated inside the thin film and
subsequently increases the ionic conductivity.

This research provides valuable insights into the humidity-dependent conductivity be-
havior of PEDOT:PSS thin films post-treated with EMIM DCA. The study emphasizes the
intricate interplay between film morphology, water uptake, and charge carrier transport,
shedding light on the potential of ionic liquid post-treatment to influence the performance of
organic electronic devices. Understanding these effects is crucial for optimizing the utilization
of PEDOT:PSS in various applications exposed to diverse environmental conditions.

[1] A.L. Oechsle, J. E. Heger, N. Li, S. Yin, S. Bernstorff, P. Miiller-Buschbaum, ACS Appl. Mater. Inter-
faces 27, 30802-30811 (2022)

[2] A.L.Oechsle, T. Schoner, C. Geiger, S. Tu, P. Wang, R. Cubitt, P. Miiller-Buschbaum, Macromolecules
56, 9117-9126 (2023)

[3] A.L.Oechsle, T. Schoner, L. Deville, T. Xiao, T. Tiang, A. Vagias, S. Bernstorff, P. Miiller-Buschbaum,
ACS Appl. Mater. Interfaces 15, 47682-47691 (2023)
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3.6 Time-dependent morphology evolution of templated mesoporous titanium
films

G. Pan, C. Ehgartnerl, N. Hﬁsingl, M. Schwartzkopr, S. V. Roth?:3, P. Miller-
Buschbaum

! Universitit Salzburg, Salzburg, Austria
2 DESY, Hamburg, Germany
3 KTH, Stockholm, Sweden

Mesoporous materials have gained significant attention across diverse applications such as
catalysis, adsorption, energy conversion and storage, sensing, filtration, and separation[1].
Due to its precise control over porosity and texture, the soft-templating method has been
employed in designing mesoporous silica-based, carbon-based, and metal-based materials. In
this method, precursors and soft templates collaboratively form mesostructured composites
through non-covalent bonds[2]. General precursors, typically metal alkoxides, undergo hy-
drolysis and condensation, yielding various products at different reaction stages in an aqueous
solution and leading to diverse final morphologies. Several titanium alkoxides have been
selected as examples to illustrate the general time-dependent morphology evolution.

Figure 3.11:

Structural evolution of titanium films prepared with EGMT under different reaction time.
SEM images (a-e) and corresponding 2D GISAXS data (f+) of structural evolution of titania
thin films. The upper right insets in SEM images refer to the corresponding fast Fourier
transform (FFT) patterns. Horizontal line profiles extracted from 2D GISAXS data (k). Sketch
of the morphology evolution(l).

Fig. shows the structural evolution of titanium films prepared with ethylene glycol-
modified titanate (EGMT) under different reaction times. According to the SEM images, a short
reaction time leads to disordered foam-like structures. With increasing reaction time, the ratio



ANNUAL REPORT 2023 CHAIR FOR FUNCTIONAL MATERIALS 43

of cylinders decreases, and finally, the film evolves into ordered mesopores after 12 h reaction.
The horizontal line profiles extracted from 2D GISAXS data confirm the structure evolution
over time. The interaction between metallic species and polymer template is too strong at short
reaction time and drives block copolymer forming cylindrical micelles. With increasing reaction
time, precursor is transformed into small and uniform nanoparticles. The interaction between
nanoparticles and PEO is appropriate for co-assembly, thus delivering ordered mesostructures.
A sketch of this morphology evolution was given in Fig.

Figure 3.12:

General structural evolution over time from different precursors, TTIP (a-d), TB (e-h), and
TIPA (i-1). The first column is the structures of different precursors. The corresponding struc-
tural evolution (2D GISAXS data) is presented in the same row as the precursor structure. A
very similar structural evolution was observed over time for all these precursors.

While EGMT is solid due to a higher coordination number of Ti and bridging oxygen atoms,
commercial metal oxides, such as titanium isopropoxide (TTIP), titanium diisopropoxide
bis(acetylacetonate) (TIPA), titanium butoxide (TB), are liquid and sensitive to moisture[4].
These liquid precursors have a much faster hydrolysis rate in aqueous solution due to their
structures shown in Fig. , e, and i. According to the 2D GISAXS data, a similar structural
evolution was observed with TTIP, TIPA, and TB despite their distinct structures and hydrol-
ysis rates. The morphology of thin films undergoes disordered foam, cylinder-sphere hybrid,
spheres with short-range order, and crystalline structures. The similar morphology evolution
demonstrates the general time-dependent tunability of the block copolymer templated sol-gel
method.

[1] Y. Zou, X. Zhou, ]. Ma, X. Yang, Y. Deng. Chem. Soc. Rev. 49, 1173-208 (2020)
[2] D. Gu, F. Schiith, Chem. Soc. Rev. 43, 313-344 (2014)
[3] J. Zhao, Y. Liu, M. Fan, L. Yuan, X. Zou, Inorg. Chem. Front. 2, 198-212 (2015)
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3.7 Diblock copolymer directed co-assembly for mesoporous ZnO films

T. Tian, A. Xu!, J. Eichhorn?, J. Suo!, Z. Yang!, S. Bernstorff?, P. Miiller-Buschbaum

I HUST, Wuhan, China

2 TUM, WSI, Munich, Germany

3 ElLettra, Trieste, Italy
Nanostructured ZnO architectures, distinguished by their morphological richness and intrin-
sic multifunctionality, have emerged as a flexible and effective platform that can be integrated
into interdisciplinary nanotechnologies, ranging from photoelectric conversion, environmental
monitoring, and biomedical diagnoses.[1] In particular, introducing mesoporous frameworks
into ZnO structures would further broaden the dimension of their practical applications by cre-
ating higher surface area, more reaction active sites, and favorable electron/ion/mass transport
pathways.[2] Over the past decades, extensive research efforts have been devoted to the fabri-
cation and device assembly of mesoporous ZnO, witnessing the critical role of morphology on
final performance. In the present work, we fabricate different mesoporous ZnO thin films by
exploiting block copolymers as structure-directing agents and investigate the template effects
on both the surface and inner morphologies of ZnO films.
As for the structure-directing agents, amphiphilic polystyrene-block-polyethene oxide (PS-
b-PEO) and polystyrene-block-poly(4-vinyl pyridine) (PS-b-P4VP) with different molecular
weights are selected here due to the strong repulsive interaction between the hydrophobic PS
and hydrophilic PEO (or P4VP) segments. Scanning electron microscopy (SEM) images are first
taken to reveal the surface morphologies of as-obtained mesoporous ZnO films after eliminating
the sacrificial polymer templates via high-temperature calcination (Fig. [3.13). The completely
different ZnO scaffolds are readily distinguished from the viewpoint of shapes, dimensions, and
accessibility of pores. Irrespective of the polymer chosen as the building block, three represen-
tative samples exhibit pronounced structuring on the nanometer length scale, which predom-
inantly benefits from the intrinsic self-assembly features of DBCs. The formation of a worm-
like structured film is guided by the lower-molecular-weight P .Sy 55-b-PEQOg o, polymer, with
the subscripts representing the number-average molar mass of the corresponding blocks. This
porous film demonstrates randomly distributed yet highly interconnected ZnO nanostructures
across the entire film volume (Fig. [3.13p). As opposed to this, the sponge-like film templated
by the higher-molecular-weight P S gx-b-PEOs6.01 polymer possesses relatively well-defined
spherical pore arrays with more densely packed inorganic ZnO walls (Fig. 3.13p). In stark con-
trast, the grid-like film derived from the PSi; g;-b-P4V Py g polymer exhibits more ordered
structures, which highly resemble the nanowires stacked in an orthogonal way (Fig. [3.13f).
Such a discrepancy in structural ordering can also be reflected by the 2D Fast Fourier Trans-
formation patterns shown in the insets in Fig. [3.13p-c. Different from the fuzzy sphere char-
acteristic of the former two films, the square-like 2D FFT pattern observed in the grid-like film
further verifies that the ZnO nanostructures are more regular in spatial arrangements. Corre-
spondingly, the extracted power spectral density functions are shown in Fig. [3.13d. Compared
to the others, a more well-defined peak shape in the grid-like ZnO film suggests its relatively
higher level of nanostructural ordering, that is, such periodic arrangements are maintained over
a larger macroscopic area. Combining the peak values in the curves and Bragg’s equation d =
2w/ k, the structural ordering on the film surface can be quantified by the interdomain distance
d. Accordingly, the d value can be calculated to be 35.3 nm, 58.9 nm and 32.7 nm for worm-like,
sponge-like and grid-like ZnO films, respectively. Compared to a well-defined peak in grid-
like ZnO film, the larger peak width in worm-like and sponge-like ZnO film is indicative of the
poorer structural order. Meanwhile, the smallest inter-domain distance implies that the ZnO
nanostructures in this film are more closely packed.
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Figure 3.13:

Surface and inner morphologies. Top-view SEM images of a) PS2¢ 55-b-PEOs o1 templated
worm-like, b) PSeo or-b-PEO36.01, templated sponge-like and c) PS11 gx-b-P4V Pig ) tem-
plated grid-like ZnO thin films. All samples share the same scale bar (200 nm). d) Power
spectral density (PSD) functions extracted from azimuthal integration of the intensity dis-
tribution in the corresponding 2D FFT patterns calculated from the SEM images for meso-
porous ZnO thin films. All PSD profiles are shifted along y-axis for clarity.

[1] Z.W. Pan, Z. R. Dai, Z. L. Wang, Science, 291, 1947-1949 (2001)

[2] T. W. Hamann, A. B. F. Martinson, J. W. Elam, M. J. Pellin, J. T. Hupp, Adv. Mater. 20, 1560-1564.
(2008)

[3] T. Tian, S. Tu, A. Xu, S. Yin, A. L. Oechsle, T. Xiao, A. Vagias, J. Eichhorn, J. Suo, Z. Yang, S. Bern-
storff, P. Miiller-Buschbaum, Adv. Funct. Mater. 2311793 (2023)
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3.8 Freestanding polymeric films via one-step ionic salt post-treatment

S. Tu, T. Tian, P. Miiller-Buschbaum

The organic conducting polymer poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS) has garnered enormous attention in the field of organic electronic devices due
to low-cost solution processability, highly tunable conductivity, superior mechanical flexibil-
ity, good biocompatibility together with excellent atmospheric stability. However, the low
electrical properties and instability in water of the pristine PEDOT:PSS film limit its wide
range of applications.[1,2] In this work, we present a facile but effective one-step ionic salt
post-treatment strategy to boost the electrical properties and water stability of PEDOT:PSS
via an ionic exchange reaction. We investigate the effect of cationic species of ionic salts on
the electrical properties of dropcasted PEDOT:PSS films by introducing three ionic salts with
three cations (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM)/lithium
(Li)/zinc (Zn)) but the same bis(trifluoromethylsulfonyl)imide (TFSI™) anion. It was elucidated
that simultaneous enhancement in the Seebeck coefficient and conductivity is achieved for
all post-treated PEDOT:PSS films, but the Zn(TFSI),-post-treated one shows the optimized
enhancement of thermoelectric properties.

Fig. [3.14p-c compares the in-plane thermoelectric properties of all the salt-post-treated PE-
DOT:PSS films varying with the salt concentration. The electrical conductivity (o) of the
pure film is measured to be ca. 0.9 S cm™!, comparable to previously literature-reported
values. Such a low conductivity primarily stems from the poor charge carrier transport caused
by the presence of excess insulating PSS species within the film. By implementing the salt
post-treatment, the o of the PEDOT:PSS film can be dramatically improved by 2-3 orders
of magnitude. The o of the PEDOT:PSS films is gradually enhanced with the increasing
concentration of the salts in an aqueous solution as shown in Fig. B.14a. The maximum o for
each salt post-treated PEDOT:PSS series is achieved at a high concentration of salt in the range
of 0.3-0.5 mM. For Zn(TFSI)?-post-treated PEDOT:PSS films, the o increases up to 892.4 S cm ™!
when the concentration of Zn(TFSI), solution is 0.4 mM. The maximum ¢ is in the order of
EMIMTFSI-post-treated PEDOT:PSS film (228.8 S cm™!) < LiTFSI-post-treated PEDOT:PSS film
(548.3 S cm™!) < Zn(TFSI)e-post-treated PEDOT:PSS film (892.4 S cm~!) under the optimal salt
concentration. As shown in Fig. [3.14b, the obtained positive Seebeck coefficients (S) of the pure
film is 17.3 pV/K, which is in agreement with the values observed in previous reports.[3,4]
The S of all post-treated PEDOT:PSS films instantaneously follows the salt concentration rise
and slightly varies at a narrow range value of ca. 24-27 pV K~1. The strong drop of S for
EMIMTFSI-post-treated films at the salt concentration >0.5mM is attributed to the residual
salts within the film. Thus, the salt post-treatment gives rise to the simultaneous enhancement
of S and 0. Considering the anti-correlation between S and o (typically o increases whereas
S changes inversely) in terms of the charge-carrier concentration and charge-carrier-mobility-
independent S, such a simultaneous increase in S and o implies the effective improvement
of the charge-carrier mobility, suggesting that the enhancement in mobility caused by a high
proportion of quinoid structure outcompetes the reduction in charge carrier concentration
upon dedoping. An optimized power factor of 16.8 uW mK~2, 39.9 yW mK~?2, and 63.1 yW
mK~2 (Fig. 3.14k) is obtained for the PEDOT:PSS film post-treated with EMIMTFSI, LiTFSI, and
Zn(TFSI),, respectively.

In addition, the as-prepared Zn(TFSI),-post-treated PEDOT:PSS film exhibits enhanced ductility
and flexibility. The strip of this freestanding film can wrap around a rod with a radius of 2.5 mm
in an intact way and be easily folded (Fig. [3.15p). Its resistance change (R/Rj) was examined
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Figure 3.14:

a) Electrical conductivity, b) Seebeck coefficient and c) power factor of PEDOT:PSS films after
post-treatment with different concentrations of salt solution at room temperature.

as a function of the radius of curvature to evaluate the flexibility. In contrast to the pure film,
the Zn(TFSI)2-post-treated PEDOT:PSS film shows extremely high mechanical endurance, as
evidenced by almost negligible fluctuation in resistance during bending tests (Fig. [3.15b). The
enhanced mechanical properties of Zn(TFSI)s-post-treated PEDOT:PSS film can be attributed
to salt-induced favorable morphological rearrangements. Because of the strong Coulomb
attraction between PEDOT and PSS and disorder, the pure film favors a coil-like structure
within the film, making the slippage of the polymer chains difficult under stress.[5] The salt
post-treatment weakens the Coulomb attraction between PEDOT and PSS as a result of the ion
exchange, leading to the formation of the continuous network structure of polymer chains in an
expanded coil-like conformation. This unique structure arrangement endows the slippage of
the polymer chains under stress and releases more stress.

Figure 3.15:

a) Digital photographs of Zn(TFSI), post-treated PEDOT:PSS film in its original state, wrap-
ping around a rod and simple folding. b) The normalized resistance of PEDOT:PSS film w
or w/o of Zn(TFSI), post-treatment as a function of curvature radii.
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3.9 Nanoscale morphological transformation of PEDOT: PSS during ultrasonic
spray deposition

S. Xiong, B. Sochor!, P. Miiller-Buschbaum, S. V. Roth!?

! DESY, Hamburg, Germany
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Organic solar cells (OSCs) have recently attracted much attention due to their various ad-
vantages and rapidly evolving performance. For solution-treated cells, most OSC layers are
fabricated by spin-coating methods, which, however, are not suitable for roll-to-roll fabrication
and have high material loss with limited substrate size [1]. With its potential advantages of
not being limited by substrate size and low polymer utilization, the spray coating technique
is expected to be a promising alternative to overcome the drawbacks of the conventional
spin-coating process. With these merits, spray coating methods have been developed for OSC
fabrication with many advantages, such as large-area coating, uniform coating, roll-to-roll
compatibility, and a low-cost process[2]. In addition, the spray-coating method can be used for
a wide range of fluids with various rheological properties, thus providing the opportunity to
adapt the system to deposit virtually any type of solution and obtain a film with the desired
properties[3]. Poly (3, 4-ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT: PSS) is
to date the most commonly used hole transport layer for organic solar cells. This is due to
its good transparency, hole affinity, and suitable work function (around 5.2 eV). It is generally
fabricated from a green, nontoxic water solution. Nevertheless, for many applications in
solution-processed electronic devices, control over optical and electronic properties is critical in
order to optimize device performance and efficiency.

In this work, ultrasonic spray deposition (USD) as an automated and large-area compatible
deposition method provides a way to scale up OSC production. It is desirable to develop
improved processing routes to optimize the properties of PEDOT: PSS for device applications
and maintain a wide processing window. Therefore, a fine-tuned, low-waste, scalable spray
coating method is used to obtain uniform, high-quality, large-area films with the intention
of increasing scalability for device application upgrades. Here, the hierarchical structure of
spray-deposited thin PEDOT: PSS films and structural information such as object geometry,
size distribution, and spatial correlation at the nanoscale were quantitatively and systematically
investigated using grazing-incidence small-angle X-ray scattering (GISAXS).
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Figure 3.16:

(a) Horizontal line cuts and data modelling of 2D GISAXS data; (b) Average domain size
distribution; data for ultrasonic spray-coating PEDOT: PSS thin films prepared at different
sprayed conditions; The colors of the domain size from small to large are light to dark (S:
small domains, M: medium domains, L: large domains).

Figure a) shows the horizontal line cuts obtained from the GISAXS data at the critical
angle of PEDOT for different spray-coating parameters (different flow rates) of PEDOT: PSS
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thin films during USD. As these horizontal line cuts are performed at the Yoneda region of
PEDOT, the model fits, shown as lines, provide information about the PEDOT nanostructure,
namely, the PEDOT domain radii, domain distances, and domain size distributions, which are
presented in Figure 3.16(a). Assuming a spherical object and specifying three shape factors to
model the curves, the domain size distributions of PEDOT: PSS films fabricated under different
spraying parameter conditions are shown in Figure b). As the solution flow rate increases
during the spray deposition process, more medium-sized and small-sized regions are formed
in the film. More large-size domains are also added before the flow rate increases to a flow
rate threshold of 3.5 ml/min. When this threshold is exceeded, the flow rate leads to a smaller
size distribution and reduces the number of large aggregates. We also observe an increase in
medium-sized domains. These results suggest a structural rearrangement of PEDOT: PSS due
to the ink flow rate during the coating process.

Reflectivity
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Figure 3.17:

X-ray reflectometry (XRR) data and model fit (red line) for PEDOT: PSS thin film spray de-
posited (a) S1 at 1.5ml/min, (b) S2 at 3.5ml/min, (c) S3 at 5.5ml/min. (d) Scattering length
density (SLD) profile of S1, S2, S3.

The morphology and composition depth profile of the sprayed deposited PEDOT: PSS thin films
are characterized using XRR for the different flow rates during spray deposition (1.5ml/min,
3.5ml/min, 5.5ml/min, respectively) are shown in Figure a—c). The XRR curve was fitted
using the software Motofit [4]. The different scattering length density (SLD) profiles for the
different spraying conditions are shown in Figure 3.17(d). The film thickness first increases and
then decreases with the increase in flow rate (S1: 47.5nm, S2: 53nm, S3: 49nm).

In this work, homogeneous PEDOT: PSS thin films as the hole transport layer of OSC are
fabricated using a large-area scalable technique, namely an ultrasonic spray process. After the
optimization process, high-quality films fabricated at different spray parameters are studied by
finding suitable parameters for spraying.

[1] E Aziz, A. E. Ismail, Mater. Sci. Semicond. Process. 39, 416-425 (2015)
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4 Photovoltaics
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4.1 Investigation of radiation exposure on organic solar cells for potential space
application

T. Azzouni, L.V. Spanier, V. -Hutanu !, X. Li !, P. Miiller-Buschbaum

! FRM2, Garching, Germany

As space technologies and space missions develop rapidly, the demand for solar cells dedicated
to space applications is increasing. Space solar cells face more critical challenges than before.
Higher conversion efficiency and better radiation resistance are the primary keys. This project
aims to investigate the degradation of organic solar cells in the space environment.

Based on previous work regarding the deployment of organic solar cells (OSC) and perovskite
solar cells (PSC) in space on a suborbital rocket [1], we are working on long-term experiments to
study the degradation mechanisms in space. For that, we do space environmental simulations
on the ground to prepare for long-term experiments in orbit. The main objective is to emulate
every significant parameter that can cause damage to solar cells.

Organic solar cells used in space exploration devices are mainly exposed to energetic electrons
and protons [2], which causes damage to the morphological and chemical structure of the or-
ganic bulk heterojunction through ionization. Therefore, it is interesting to study the impact of
ionizing radiation to evaluate the possibilities and prospects for optimizing the performance of
solar cells in space. Gamma-ray radiation test is conducted at FRM II, MLZ to investigate the
morphology and performance changes at different total ionizing doses. This test will give us a
clear idea of how space radiation will affect the structure of our OSCs.

Figure 4.1: Gamma irradiation facility in a spent fuel element at FRM II, MLZ
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An irradiation test performed at FRM II, MLZ was using spent fuel elements as a gamma-ray
source [3]. Right after the test, a solar simulator was used to characterize the solar cells and
compare the performance before and after the irradiation, a UV-Vis spectrometry for samples to
investigate the absorbance change, and finally, GISAXS experiments were performed at DESY
in Hamburg to investigate in details the structural change of the bulk heterojunction (BHJ).

OSC are a type of photovoltaic cell that use organic materials, to convert sunlight into electricity.
High performance OSC materials such as PTQ-2F: BTP-4F as an active layer, with PTQ-2F as
polymer donor and BTP-4F as small molecule acceptor, can be spin coated or even printed to
form a thin film BHJ. One important aspect of organic solar cell technology is encapsulation,
which involves protecting the cells from environmental factors that can degrade their perfor-
mance. Encapsulation can be achieved through specialized coatings or by enclosing the cells in
a protective material, such as a transparent polymer film. The choice of encapsulation method
will depend on the specific requirements of the application and the desired level of protection
[4]-[5]. Proper encapsulation is essential for organic solar cells” long-term stability and effi-
ciency, as it helps maintain their performance over time. One promising encapsulating material
for our specific environment is UV-cured epoxy as a single-layer encapsulation. Its features
are low thermal conductivity, optical transparency, weather resistance, and high-temperature
resistance, and it has good adhesive properties on glass and plastic [6].

Finally, this project will give us a unique chance to investigate the long-term impact of
the space environment on solar cells. By analyzing the data from the previous mission and
comparing them to lab simulation, we can upgrade and build new solar cells especially to space.

[1] L. K. Reb, M. Bohmer, B. Predeschly, S. Grott, C. L. Weind]l, G. I. Ivandekic, R. Guo, C. Dreifligacker,
R. Gernhduser, A. Meyer, and P. Miiller-Buschbaum, Joule 4 1880-1892 (2020).

[2] D. Marvin, J. Nocerino, Aerospace Corporation Report TOR-2000 15, 1210 (2000)

[3] Li, X., Hutanu, V., Bulla, S., Molch, J., & Jeschke, F. (2022). Gamma irradiations using spent fuel
elements at FRM II. In European Research Reactor Conference (No. IMPULSE-2022-00235). MLZ.

[4] N.Kim, W.]J. Potscavage, A. Sundaramoothi, C. Henderson, B. Kippelen, and S. Graham, Sol. Energy
Mater. Sol. Cells 101, 104 (2012)

[5] A.Uddin, M. Upama, H. Yi, and L. Duan, Coatings 9, 65 (2019)

[6] L.Shi, T.L. Young, ]. Kim, Y. Sheng, L. Wang, Y. Chen, Z. Feng, M.]. Keevers, X. Hao, PJ. Verlinden,
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4.2 Mixed halide perovskite quantum dot layers

T. Baier, P. Miiller-Buschbaum

Since the worldwide energy demand has been increasing over the last few years and this trend
will continue in the future, producing energy from photons coming from the sun will be more
important in the future. Therefore, perovskite nanocrystals are chosen as active material in
perovskite solar cells (PSCs) due to its bandgap tunability based on the quantum confinement,
its low costs, multi-exciton generation and its compatibility with several different deposition
techniques (spin coating, slot-die coating). This results in an increased power conversion effi-
ciency of the devices, and the current record solar cell using perovskite nanocrystals as active
material has a power conversion efficiency of 17.4%, which is in the range of the commonly
used solar cells.[1] Based on [2] slot-die coated perovskite nanocrystal solar cells have already
been produced at the chair of functional materials but still face a few problems during their
fabrication, as they have a thickness of only 120 nm compared to thicker bulk perovskite as
active material. By just increasing the number of deposited layers on top of each other a further
interface was introduced, which is limiting the device’s performance. Therefore, in this work,
the deposition of the self-synthesized perovskite nanocrystals was investigated, including the
washing steps.

The used nanocrystals are synthesized following the protocol described in [3]. The deposition
of the perovskite nanocrystal layers consists of several steps. After depositing one perovskite
nanocrystal sublayer two washing steps are introduced to remove the ligands on top of the
nanocrystals. After having finished the deposition of the final perovskite nanocrystal sublayer
a final washing step is done, as can be seen in Figure and a perovskite nanocrystal layer
results.

Figure 4.2: Concept of the washing and deposition steps[4].

The influence of the washing step was investigated by comparing the photoluminescence (PL)
spectra of different films (different amounts of deposited nanocrystal sublayers) and changing
the number of washing steps in between, which means that the ”layer washing” (compare fig
was repeated once before a second nanocrystal sublayer was deposited. This is done to
ensure that all ligands are removed by the washing, and the remaining ones might not cause
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the interface after several deposited sublayers. In addition to the PL spectra, scanning electron

microscopy (SEM) pictures were taken to investigate the surface of the created films. The results
are shown in figure

Figure 4.3:

PL spectra (a)) and SEM pictures (b)-g)) of perovskite layer produced with different amounts
of washing steps, b) one layer and final washing step, c) two perovskite layers & layer and
final washing, d) two perovskite layers & twice layer and once final washing, e) eight per-
ovskite layers & layer and final washing, f) three perovskite layers & layer and final washing,
three perovskite layers & twice layer and once final washing.

The PL spectra show that the number of deposited nanocrystal sublayers does have an impact
on the peak position, which gives information about the optical properties of the investigated
film. There is a redshift of the PL peak with increasing deposition steps.

The SEM pictures show that the sample is covered homogeneously with nanocrystals. The
nanocrystals have an equal size, as can be seen in Figure [£.3p) for just one deposited sublayer.
Adding further sublayers does not change the size distribution, as long as only one layer wash-
ing step is done. As soon as a second layer washing step is induced, the crystals are larger. The
larger colloids might refer to not only removing the ligands at the surface but also some of the
ligands between the nanocrystals might be removed. This would result in a merging of several
nanocrystals into one larger colloid. This results in a rougher surface, as can be seen in the SEM
pictures as well (figure[4.3]d) & g)).

Further investigations of the influence will be done in the future by using grazing-incidence
small/wide angle x-ray scattering (GISAXS/GIWAXS) to obtain further information about crys-
tal orientation within the film and during deposition by using slot-die coating.

[1] Q. Zhao, A. Hazarika, X. Chen, S. P. Harvey, B. W. Larson, G. R. Teeter, J. Liu, T. Song, C. Xiao,
L. Shaw, M. Zhang, G. Li, M. C. Beard, J. M. Luther, Nat. Commun 10, 2842 (2019)

[2] M. A. Reus, A. Krifa, Q. A. Akkerman, A. Biewald, Z. Xu, D. P. Kosbahn, C. L. Weind]l, J. Feldmann,
A. Hartschuh, P. Miiller-Buschbaum, Adv. Opt. Mater., 2301008 (2023)

[3] Q. A. Akkerman, L. Martinez-Sarti, L. Goldoni, M. Imran, D. Baranov, H. ]J. Bolink, F. Palazon,
L. Manna, Chem. Mater. 30, 6915-6921 (2018)

[4] A.Krifa, Master Thesis, Chair of Functional Materials at the Technical University of Munich (2022)
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4.3 Tuning the crystal-orientation of perovskite thin films via nanocrystal seeds for
large-scale applications

A. Buyan-Arivjikh, M. Schwartzkopf!, S.V. Roth!:?, P. Miiller-Buschbaum

! DESY, Hamburg, Germany
2 KTH, Stockholm, Sweden

Organic-inorganic halide perovskites have gained a huge interest in the scientific community
owing to their favorable optoelectronic properties combined with their ease of production and
abundance of raw materials [1]. The combination of the aforementioned factors deems the
class of hybrid halide perovskites attractive for low-cost manufacturing of optoelectronic de-
vices such as lasers, photodetectors and solar cells [1]. Most fabrication methods for producing
perovskite thin films are based on laboratory scale techniques such as spin coating or drop cast-
ing. For real-life applications outside of research however, low-cost, large scale coating methods
are required [2]. Amongst the various large-scale fabrication methods, the slot-die coating tech-
nique is a promising contender as it offers a stable coating and easily controllable thin film
thickness via adapting the respective printing parameters. However, key parameters for the
performance of a perovskite based device is also thin film’s crystallinity and microstructure. In
particular, it has been found that the crystal grain orientation in these thin films plays a signifi-
cant role for the device as differently oriented grains exhibit local fluctuations in the thin film’s
optoelectronic properties [3]. Therefore, tuning the grain orientation in perovskite thin films
is of particular interest for more reliable devices. Here, we show a novel approach of tuning
said orientation in FAPbI3 thin films by utilizing perovskite nanocrystals that act as seeds for an
epitaxial induced crystal growth during the slot-die coating procedure.

The synthesized perovskite nanocrystals are cubic in shape as shown in the SEM measurement
(Fig. a). X-ray diffraction (XRD) measurements on such nanocrystal thin films also reveal an
inherent alignment of the nanocrystals such that the {100} faces are parallel to the substrate as
only the {100} peak and its respective higher ordered peak was observed in the diffractogram
(Fig. [4.4b). The average crystal size of the nanocrystals was determined via the Scherrer equa-
tion to 26 nm.

Figure 4.4:
a) SEM image of the perovskite nanocrystal thin film. b) Fitted XRD diffractogram of the
perovskite nanocrystal thin film

Grazing incidence wide angle X-ray scattering (GIWAXS) measurements with varying incidence
angles were carried out for thin film characterization in order to obtain structural information
about the printed thin film at different penetration depths. They reveal highly oriented thin
films where the FAPbI3 100 peak is in the “face-on” orientation. The degree of orientation is also
increasing with increased thin film depth (Fig. £.5). Furthermore, material quantity analysis on
the FAPbI3 100 peak reveal the “face-on” material quantity relative to the isotropically oriented
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grains. In comparison to an unseeded FAPbI;3 thin film where the “face-on” and isotropically
oriented grain quantities are almost equal throughout the respective probe depths, the seeded
thin films exhibit an improvement of the “face-on” orientation of roughly 50 % (Fig. [4.6).
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Figure 4.5:

GIWAXS images of the FAPbI; thin film at penetration depths of a) 3 nm and b) 328 nm. It
is to be noted that the detected scattering signal stems from the thin film’s cumulative depth
profile for each measurement respectively.

Since the nanocrystal seeds are cubic in shape with the respective faces corresponding to the
100 faces, their 100 plane tends to naturally align in the “face-on” configuration in order to
minimize their surface energy. Therefore, we come to the conclusion that the orientation of the
nanocrystal seeds predominates the resulting thin film’s orientation. Further studies on the thin
film’s crystallization kinetics are ongoing.
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Figure 4.6:

Material quantity analysis of an unseeded- (control) and the seeded FAPbI; thin film at var-
ious probe depths based on GIWAXS azimuthal cuts of the 100 peak.
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4.4 Printing n-type PbS quantum dot inks for use in solar cells
M. Chatterjee, H. Zhong, P. Miiller-Buschbaum

Colloidal Quantum dots (CQDs) such as PbS have garnered significant interest for advancing
next-generation photovoltaic devices. The quantum confinement effect and size tunability of
QDs have enabled customization of their electronic properties in addition to multi-electron
generation, leading to prospective increase in photo-conversion efficiency.

However, the long, insulating ligands of the as synthesized QDs prevent dot-to-dot charge
carrier transport. This necessitates a ligand exchange (LE) to replace these by shorter ligands
enhancing charge carrier mobility and ensuring complete surface passivation to prevent trap
states that may lead to increased charge recombination and reduced photovoltaic efficiency.
The conventional solid state ligand exchange process is multi-step process and faces the
limitations of inefficient exchange of ligands leading to surface defects along with considerable
time required for the process [1]. One way to overcome these is the liquid state ligand exchange
(LSLE), a single-step deposition which achieves LE by phase transfer and subsequent dispersal
of the QD powder to obtain QD ink. This process is known for its efficiency and reduced
fabrication time.

We used this method of LSLE to investigate the effect of different ligands. It involved the
exchange of the long oleic acid (OA) ligands with shorter halide ligands. Research in the past
years indicates the better passivation properties of I~ ligands compared to other halides. This
can be attributed to the increased stability of the Pb?" and I~. bond due to the Hard Soft
Acid Base principle (HSAB). Following existing literature, we used ammonium iodide (AI)
[2] for this purpose and compared it with the more commonly used (methylammonium lead
iodide) MAPbI; ligands [3]. Verification of the success of the ligand exchanges was achieved
through FTIR spectra measurements ( Fig. [£.7). The significantly reduced peaks of (COO-) at
(1400-1600) cm~! and (2800-3000) cm ™! (CH) peaks, indicate that Al can remove OA ligands
more effectively.
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Figure 4.7: FTIR measurements of Al and MAPI ligands compared to the original OA ligands

Following LE, the next step is dispersion of the QD powder in a suitable solvent and fabrication
of the QD film. While spin-coating is a prevalent method, it suffers from scalability issues
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due to material wastage. To address this, we focused our efforts on a more scalable technique
of slot-die coating which allows reduced material consumption along with superior control
over film properties. Currently, very few studies on slot-die coated CQD solar cells have been
reported. Consequentially, challenges arise in finding a suitable solvent for slot-die coating.
Butylamine (BTA) is the most commonly used solvent for spin coating [2]. It is considered a
good solvent due to the fact that its strong affinity to the CQD surface enables concentrated
colloidal dispersions. However, it is not compatible with scalable deposition techniques due
to low boiling point which makes film morphology difficult to control. Additionally, it is
neither polar enough nor does it provide enough steric hindrance for a stable ink, causing QD
precipitation within hours.

Therefore, for the purpose of our work, we explored alternate polar solvents such as propylene
carbonate (PC) and formamide (FA) and a mixture of N-methylpyrrolidone (NMP) with 1 wt%
BTA to redisperse QDs powder to obtain stable PbS inks. Absorption spectra measurements
(Fig revealed shifts of the exciton peak towards higher wavelengths, with PC solvent
exhibiting the most prominent shift. Additionally, the peaks show greatly diminished intensity
after LE of CQDs.

Our future work involves enhancing quantum confinement for improved absorption properties
and studying the impact of parameters such as printing speed and temperature on the slot-die-
coated films. Characterization techniques, including X-ray diffraction (XRD), scanning electron
microscopy (SEM), and X-ray photoelectron spectroscopy (XPS), will be used for a comprehen-
sive analysis.
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Figure 4.8: Absorption measurements of PbS inks with different solvents and the original PbS-
OA solution
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4.5 Enhanced air stability of tin-based perovskite solar cells with quercetin

X. Ci, P. Miiller-Buschbaum

Perovskite solar cells (PSCs) are believed as one of the most promising photovoltaic technologies
because of the fast development of their power conversion efficiency (PCE) from 3.8% to 26.1%
in the last decade [1]. Despite the excellent advancements achieved in the Pb-based PSCs, the
inherent toxicity of Pb caused some worries because of their potential environmental and health
problems. In scenarios where Pb-based perovskites encounter environmental exposures, such
as device encapsulation failures and landfills as they reach the end of their life cycles, there
exists the possibility of Pb?* leakage into the environment.[2]

In order to solve this problem, researchers are developing some low-toxic materials or lead-free
photovoltaic materials. In the pursuit of finding a suitable substitute for Pb in PSCs, Sn-based
perovskites have emerged as a primary and highly promising candidate which is primarily
caused by Sn’s significantly lower toxicity levels observed across various testing conditions and
the same valence electron layer structure as Pb and the most similar ionic radius (118 vs 119
pm) with Pb. In addition, Sn-based perovskite exhibits similar or in some cases superior elec-
tronic and optical properties compared with lead-based perovskite, such as low exciton binding
energy (<100 meV), higher charge carrier mobility (10> -10® cm?V~!s ~!), and high absorption
coefficient (>10~* cm™), conductivity, longer charge carrier diffusion length (10%2-10° nm) and
hot charge carrier lifetime. Moreover, Sn-based perovskites have narrow bandgaps that can ab-
sorb a broader light spectrum, that is, infrared (NIR) region.[3] Therefore, Sn-based perovskite
has great potential in developing high-efficiency solar cells.

Figure 4.9: Schematic diagram of the PSCs, perovskite (a) and quercetin (b) structure

However, the device efficiency and stability of Sn-based PSCs significantly lag behind the Pb-
based ones. This disparity is caused by the instability of Sn** species within the perovskite
structure. The intrinsic structure of Sn?* renders them easy to convert into Sn** products at
various stages throughout the lifespan of the material. Sn-containing perovskite materials show
high p-type doping characteristics because of Sn?" oxidation, which leads to a shortened car-
rier lifetime and damages the overall device performance. Moreover, the degradation products
like Snls and I, can actively participate in and catalyze the degradation process and conse-
quently impact the stability of Sn-containing PSCs. Secondly, there is the problem of Sn-based
perovskite’s rapid crystallization. This means it could be difficult to control the film morphol-
ogy during solvent processing. The poor film quality will lead to short circuits of devices, low
charge transfer/collection efficiency and carrier recombination. Meanwhile, due to the energy
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levels of tin-perovskite mismatch with the electron transport layer (ETL) or the hole transport-
ing layer (HTL) in the device structure, resulting in large open circuit voltage (V) loss (Vioss)
in PSCs, their best record PCE has reached 14.81%, which is still lagging behind the Pb-based
PSCs.[4]

Figure 4.10: XRD (a) and PL spectra (b) for FASnI3 perovskite films without and with Q.

In this work, we focus on the anti-oxidation problem of the Sn perovskite film, so we intro-
duced antioxidant quercetin (Q) as the secondary additive to assist the fabrication of FASnI3
perovskite films containing excess SnF, and fabricated the PSCs with a device structure
ITO/perovskite/PCBM/BCP/Ag as shown in Fig. [£.9a). The quercetin, with the phenolic
derivatives containing the hydroxyl groups (Fig. [.9b)), can react with oxygen free radicals
and have strong reducing properties. It also contains the conjugated Lewis base molecules with
high electron density and large steric hindrance that can slow down the crystallization speed of
perovskite, which could become the promising perovskite additive.

To better understand the influence of the Q addition on the perovskite crystallization process,
X-ray diffraction (XRD) was performed to probe the crystalline phases formed (Fig. [4.10a)). The
characteristic XRD peaks of FASnI3 films with 1% Q all match the orthorhombic lattice structure
of FASnl;, implying that Q do not affect the crystal phase of FASnl3 perovskite. Furthermore,
the XRD intensity of FASnI; films with 1% Q is higher than it of FASnI3 films without Q, which
means that the introduction of Q can enhance the degree of crystallization of FASnI3 films. No-
tably, the intensity of steady-state photoluminescence (PL) characterizations were performed on
FASnI; films without and with 1% Q additive to gain insight into the performance enhancement
introduced by Q additive as shown in Fig. £.10p). Both films were processed on ITO substrates,
and the laser was irradiated from the ITO side with a wavelength of 500 nm. The plain FASnI3
film showed a PL peak at around 834 nm, corresponding to a bandgap of 1.49 eV. The FASnI;
film with Q additive shows stronger PL intensity compared to the film without Q, indicating
the decreased density of trap states in the perovskite film induced by Q which is consistent with
the XRD results.

[1] L. Chen, S. Fu, Y. Li, N. Sun, Y. Yan, Z. Song, Adv. Sci. 2 304811 (2023)
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Jassim, R. J. Ellingson, N. J. Podraza, K. Zhu, Y. Yan, Adv. Energy Mater. 9, 1803135 (2019)
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4.6 Organic solar cells for space application: investigation of the nanostructure and
degradation effects due to mechanical stress

J. Darsow, C. Gscheidle!, L. V. Spanier, P. Miiller-Buschbaum
I TUM School of Engineering and Design, Chair of Astronautics, Garching, Germany

Organic Solar Cells (OSCs) stand out as promising candidates for space applications due to
their exceptional gravimetric power density and flexibility. This promising feature set not only
reduces payload mass but also enables more compact storage during rocket flights. However,
realizing their full potential in space demands the resolution of significant challenges, particu-
larly in addressing degradation issues occurring during the harsh conditions of space travel.

The examined OSCs consist of a BTP-4F and PTQ-2F bulk heterojunction (BHJ), a zinc oxide
hole-blocking layer, a molybdenum oxide electron-blocking layer, a silver anode and an indium
tin oxide cathode. They were fabricated on glass and flexible PET substrates in six and eight-cell

geometries (Fig. |4.11).

Figure 4.11:
OSCs on a) glass and b) flexible PET substrates in a) eight and
b) six cell geometries.

This study aims to investigate the degradation of OSCs in simulated space conditions, focusing
primarily on the cell’s properties under intense mechanical stress. Building upon prior research
that included deploying OSCs in a suborbital rocket flight [1], this investigation seeks to
replicate and understand the impact of intense accelerations and vibrations experienced during
launch and re-entry through a shaker stress test.

Custom interfaces between the cell holder and the shaker were developed for the shaker test to
enable vibrations in all three axes. The setup can be seen in Fig. In the mechanical stress
test, the OSCs were exposed to a similar vibration profile that NASA uses to verify their rocket
parts. It consists of a sine and a random test in all three axes. [2] OSC modules on glass and
PET were exposed to the vibrations on the shaker. Additionally, control groups were produced
so that other degradation effects due to air exposure, transportation and light exposure could
be separated from the effects due to the mechanical stress.

Preliminary results from solar simulator measurements, grazing-incidence wide- and small-
angle X-ray scattering, and optical microscopy images indicate promising stability against
strong vibrations for OSCs on both glass and PET substrates.

Figure 4.12:

Picture of a) the custom-built interfaces between the cell holder
and the shaker and b) the shaker mounted with OSCs for the
stress test.

Another topic of this research aims to better understand the impact of the annealing processes
on BTP-4F and PTQ-2F components within the OSCs. This exploration allows for the fine-tuning
of band gap and absorption spectrum characteristics, offering more profound insights into the
crucial structural modifications to reach optimal performance.
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For the measurements, BTP-4F and PTQ-2F films were spin-coated on glass or silicon and OSCs
were built on glass and PET substrate. All samples were annealed at 100 °C for different times
between 0 - 20 min on a heating plate after the spin coating of the active layer.
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Figure 4.13:

Results of the annealing experiments. a) Performance of the annealed cells measured in a so-
lar simulator. b) Normalized values of the PL peak intensity of the BHJ. UV-Vis spectroscopy
results of the BHJ in terms of c) peak position and d) absorption coefficient.

UV-Vis spectroscopy analysis demonstrates a decrease in the absorption coefficient with longer
annealing times, potentially attributed to alterations in surface reflection or structural changes.
Additionally, an energy shift in the peak positions indicates a tuning of the band gap. (Fig.
c), d)) Photoluminescence spectroscopy (PL), on the other hand, reveals a significant drop in the
intensity of the BTP-4F peak after only 3 minutes of annealing, indicating internal molecular
restructuring that leads to less recombination and enhances charge transport within the bulk
heterojunction. (Fig. #.13]b))

Functional cells exhibit rising efficiency levels concerning longer annealing times, suggesting
that the improved charge transport is dominating the effect of reduced absorption coefficients
(Fig. a)). This theory is supported by the fact that the rising short circuit current over time
is the main factor leading to improved efficiency.

Continued research into material properties and degradation mechanisms holds the potential
for OSCs to become a vital energy source for future space exploration missions.

[1] L. K. Reb, M. Bohmer, B. Predeschly, S. Grott, C. L. Weindl, G. I. Ivandekic, R. Guo, L. V.
Spanier, M. Schwartzkopf, A. Chumakov, C. Dreifligacker, R. Gernhduser, S. V. Roth, A. Meyer,
P. Miiller-Buschbaum Solar RRL, 2300043 (2023)
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4.7 Effect of additives on Dion-Jacobson two-dimensional perovskite thin films
K. L. Fong, K. Sun, P. Miiller-Buschbaum

Over the past years, researchers have shown tremendous interest in perovskite solar cells
because of perovskite’s high optical absorption, high tolerance to defects, high charge carrier
mobility, low binding energy, and long diffusion length of charge carriers [1]. While three-
dimensional (3D) perovskite solar cells have power conversion efficiencies (PCEs) approaching
the Shockley—Queisser limit, two-dimensional (2D) perovskite films are receiving more atten-
tion in solar cell fabrications recently as they have higher stability against moisture due to the
existence of a bulky organic spacer [2]. However, the PCEs of 2D perovskite solar cells are still
not high enough to allow the commercialization of these solar cells. Efforts have been made to
boost the PCEs of these solar cells, and additive engineering is one of the methods to improve

perovskite film quality by reducing the density of traps and defects, thus improving the PCEs
of the solar cells [3].

In particular, chloride additives are often used, and they are found to
affect the equilibrium of the complex ions and may affect the nucleation [3] and improve
the crystallinity and orient the 2D perovskite layers into the preferred vertical orientation for
efficient charge transport [4]. In this work, 2D perovskite films (PDMA)(MA)3Pb,l;3 (PDMA
represents 1,4-phenylenedimethanammonium) are fabricated, and the effects of different
amounts of the additive methylammonium chloride (MACI) on the films will be investigated.

The investigation is carried out by preparing two perovskite precursor solutions, while one
of them is added with a small amount of MACI. Then, the solutions are spin-coated on glass
substrates and annealed. After that, the spin-coated films are examined and characterized by
photoluminescence (PL) spectroscopy and ultraviolet-visible (UV-vis) spectroscopy.
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Figure 4.14: The normalized PL intensity of perovskite films with and without MACI additive.

Fig. shows the normalized PL intensity of the perovskite films. The dominant emission
peak for the film without additive is at 766 nm, while that for the film with additive shows
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a blue shift and is at 758 nm. The excitation peaks for low-n phases at 530, 570 and 615 nm
are also sharper in the film with additives compared to the film without additives, implying a
higher concentration of the low-n phases.
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Figure 4.15:
The normalized UV-vis absorption spectrum of perovskite films with and without MACI
additive.

Fig. shows the normalized UV-vis absorption spectrum of the perovskite films. The
absorbance of the film with additives is generally higher than the film without additives. As the
absorbance at the wavelengths corresponding to the low-n phases is higher for the film with
additive, which may be caused by the higher concentrations of the low-n phases, the result
agrees with that of the PL spectrum.

The investigation above shows the effect of the MACI additive on the optical properties of per-
ovskite films. Our future work will examine the internal structure of the perovskite films using
static grazing-incidence small-angle X-ray scattering (GISAXS) or grazing-incidence wide-angle
X-ray scattering (GIWAXS) to analyze the crystal orientations in the perovskite films. We will
fabricate solar cells with these films and determine how the additive affects the PCEs of the so-
lar cells. Additionally, we can explore the use of other additives such as PbCl, and mixtures of
different additives.

[1] M. Shao, T. Bie, L. Yang, Y. Gao, X. Jin, F. He, N. Zheng, Y. Yu, X. Zhang, Adv. Mater 34, 2107211
(2022)

[2] X.Zhang, T. Yang, X. Ren, L. Zhang, K. Zhao, S. Liu, Adv. Energy Mater. 11(19), 2002733 (2021)
[3] D. Lee, N. Park, Appl. Phys. Rev. 10, 011308 (2023)

[4] A.Z. Chen, M. Shiu, ].H. Ma, M.R. Alpert, D. Zhang, B.]. Foley, D. Smilgies, S. Lee, J.J. Choi, Nat.
Commun. 9, 1336 (2018)
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4.8 The effect of sputter-deposited TiO, interfacial modification layer on the stabil-
ity of perovskite solar cells

X. Jiang, S. V. Roth!?, P. Miiller-Buschbaum

! DESY, Hamburg, Germany
2 KTH, Stockholm, Sweden

Despite perovskite solar cells (PSCs) based on the SnO; hole-blocking layer (HBL) are achieving
excellent performance, the non-perfect buried interface between SnO, HBL and the perovskite
layer is still an obstacle to achieving further improvement in power conversion efficiency (PCE)
and stability [1]. The non-radiative recombination induced by defects is an important factor
affecting the charge carrier extraction and transport, resulting in low device performance.
The poor morphology with numerous defects and the energy level mismatch at the buried
interface would constrain the open circuit voltage (Voc) and cause instability. As we know
from the literature, the defect density at the interface is much higher than that in the bulk of
perovskite crystal [2,3]. Herein, a sputter-deposited TiO, thin film is used as a buried interface
modification layer to address the aforementioned issues.

An n-i-p device structure of ITO/SnO,/TiO, /perovskite/spiro-OMeTAD/Au is used in this
work. The TiO, modification layer is deposited atop the SnO, surface via sputter deposition.
To reveal the effect of the sputter-deposited TiO,, interface modification layer, we monitor the
perovskite structure change by grazing-incidence wide-angle X-ray scattering (GIWAXS) and
track the performance evolution of solar cells simultaneously. The experimental setup (Fig.
[.16R) used at DESY synchrotron consists of a solar simulator, integrated with a water-cooling
system, a gas-flow setup, a pocket solar, and a Keithley source meter. As shown in Fig. [£.16b, a
reflective mirror is used to enable the light to illuminate the samples.

Figure 4.16:
(a) The experimental setup installed in the DESY beamline. (b) The magnified view of the
experimental setup with a mirror.

We track the performance evolution of PSCs under a nitrogen atmosphere and one-sun solar
illumination (ISOS-L-1I) for 120 min. The normalized photovoltaic parameters are shown in
Fig. and b. As expected, the SnO;-based device exhibits lower stability compared with
the SnO,-TiO,-based device. The Vo and [s¢ of the SnO,-TiO,-based devices remain at 98%
of their initial value, while the FF shows a decrease of 23%, resulting in a PCE decrease of 25%,
which is much lesser than the 45% of the SnO»-based device.
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Figure 4.17:

The evolution of photovoltaic parameters of (a) SnO, and (b) SnO»-TiO,. The selected
pseudo XRD of (c) SnO; and (d) SnO,-TiO,. The evolution of full width at half maximum
(FWHM) of (001) peak and integral area of lead iodide peak extracted from pseudo XRD.

To reveal the perovskite structure evolution, the operando GIWAXS method was used during
the device operation process. The pseudo-XRD is commonly used to track the crystal struc-
ture evolution. To better understand the perovskite crystal structure change under operando
measurement, the pseudo-XRD information is extracted from the radial GIWAXS profile by
integrating over all azimuth angles. The magnified pseudo-XRD at the q region of 0.6-1.3
A~!is shown in Fig. and d. There is no peak position shift or splitting in (001) Bragg
peaks (q = ~ 1.0 A~!) for all samples, indicating there is no detectable phase segregation in
perovskite. However, for both samples, the full width at half maximum (FWHM) of (001)
Brag peak broad continuously during operation, meaning the decreased crystallinity during
operation. Interestingly, the FWHM of the SnO,-based device increases dramatically during the
operando measurement, compared with the SnO»-TiO,-based devices. In addition, we integral
the peak area of lead iodide (atq =~ 0.9 A=) to monitor the evolution of lead iodide, as shown
in Fig. and f. Despite the integral area increasing continuously for both devices, the
SnOs-based device shows a lager increase rate during the whole operando measurement process.
The higher integral area means more Pbl; in the perovskite layer, indicating more perovskite
decomposition [4]. In conclusion, the sputter-deposited TiO, as a buried interface modification
layer can improve the operation stability of PSCs.

[1] A. Kojima, K. Teshima, Y. Shirai, T. Miyasaka, J. Am. Chem. Soc. 131, 6050-6051 (2009)

[2] H. Fang, S. Adjokatse, H. Wei, J. Yang, G. R. Blake, ]. Huang, ]. EVEN, M. A. Loi, Sci. Adv. 2,
€1600534 (2016)

[3] Z. Ni, C. Bao, Y. Liu, Q. Jiang, W. Wu, S. Chen, X. Dai, B. Chen, B. Haetweg, Z. Holman, J.
Huang, Science 367, 1352-1358 (2020)

[4] A. Alberti, C. Bongiorno, E. Smecca, I. Deretzis, A. La Magna, C. Spinella, Nat. Commun. 10,
2196 (2019)
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4.9 Tuning the band gap of double perovskite by anion exchange
Z.]Jin, X. Jiang, P. Miiller-Buschbaum

Double perovskites, a relatively new kind of lead-free perovskite materials, have emerged with
compelling characteristics, including low toxicity, extended charge carrier lifetime, and a small
effective charge carrier mass. These unique attributes make them promising material for photo-
voltaic applications and draw considerable research interest. The difference of crystal structure
between double perovskite and common perovskite is showed in Fig. Among bismuth-
based double perovskites, CsoAgBiXg (Where X can be Cl, Br, or I) has stood out for its potential
in photovoltaic applications, primarily attributed to its suitable band gap. This specific com-
position has attracted significant attention in recent years due to its promising features, mak-
ing it a prime candidate for further exploration in solar cell technologies. Some researchers
have delved into the optoelectronic and thermoelectric properties of a specific double halide
perovskite, CsyAgBils [1]. Their investigations have demonstrated that its excellence as a ther-
moelectric and optoelectronic candidate, further expanding the potential applications of double
perovskites. Wu et al. [2] investigated that CsyAgBilg nanocrystals possess narrower band gap
than other halide CspAgBiXs. Therefore, it can be hypothesized that increasing the content of
iodide ions in Csp AgBiXg can effectively narrow the band gap.
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Figure 4.18: Crystal structure of single perovskite AM?* X3 and double perovskite AsM™M3* X.

Building on this foundation, the current work focuses on optimizing Cs2 AgBiBrs, a member of
the CspAgBiXs family, by introducing iodide ions with trimethysilyl iodide (TMSI). Kyle et al.
[3] prepared Cs2AgBiBrg polycrystalline thin films (100-200 nm grain sizes) by thermal evapora-
tion and attempted to convert these to Cs;AgBilg by anion exchange. TMSX reagents possess (i)
inertness toward undesired side reactions, (ii) favorable thermodynamics, which allow nearly
stoichiometric incorporation of heavier halides into proposed nanocrystals, and (iii) volatility,
which enables nanocrystal purification with no workup other than drying at room temperature.
Therefore, CsoAgBi(Br,11_,)s perovskite solar cells will be fabricated by solution method in this
work. The balanced chemical reaction describing CsyAgBi(Bri_,I;)e is given by: 2CsBr + BiBr3
+ AgBr — CspAgBiBrg, Cso AgBiBrg + 6XTMSI —Csy AgBi(Bry—,1;)s +6XTMSBr.

During the film fabrication process, it was discovered that the annealing temperature of
CspAgBiBrg thin films after spin-coating has influence on the crystallization of Csy;AgBiBrg.
The structures of the CsyAgBiBrg films annealed at 200 °C, 250 °C and 300 °C were assessed
by X-ray diffraction (XRD) showed in Fig. a). The diffraction peaks observed in the X-ray
diffraction (XRD) analysis were successfully assigned to specific crystalline planes, namely
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Figure 4.19:

Characterizations of Csy;AgBiBrg films annealed at different temperature: a) XRD patterns;
b) UV-Vis absorption spectra; c) Tauc plot.

(111), (002), (022), (113), (222), (004), (024), (224), (044), and (244) of CsyAgBiBrg, indicating a
cubic perovskite structure with the Fm3m space group [4]. In accordance with the extinction
law, the ordering degree of CsyAgBiBrg can be quantitatively assessed by the intensity ratio
(I111/1p22), where a higher ratio corresponds to improved ordering and fewer defects in the
double perovskite structure [5]. This study reveals that the CsyAgBiBrg ratio, annealed at 300
°C (0.365), surpasses that of films annealed at 200 °C (0.164) and 250 °C (0.213). This suggests
enhanced ordering when the annealing temperature is relatively higher. Notably, the (002)
and (004) peaks of CsoAgBiBrg films annealed at 300 °C exhibit significantly greater strength
compared to films annealed at 200 °C and 250 °C. The underlying mechanism behind this
phenomenon will be a subject of further investigation.

Examining the ultraviolet-visible (UV-Vis) absorption spectra of CsyAgBiBrg annealed at
different temperatures, consistent features are observed in Fig. .19 b). A pronounced absorp-
tion peak around 445 nm is attributed to the s—p transition of bismuth within the [BiBrg]?~
octahedra of CsyAgBiBrg [6]. The bandgap energies (E,) derived from Tauc plots using an
indirect bandgap model indicate values of 2.15 eV for Cs;AgBiBrg annealed at 300 °C and 2.23
eV or 2.25 eV for CspAgBiBrg annealed at lower temperatures as shown in Fig. c). This
underscores the conclusion that the annealing temperature plays a crucial role in relatively
narrowing the band gap of Cs;AgBiBrg thin films. The upcoming investigation will maintain
its focus on characterizing the films annealed at different temperature and anion exchange
approach.

[1] E Elfatouaki, O. Farkad, R. Takassa, S. Hassine, O. Choukri, A. Ouahdani, E. Ibnouelghazi, D.
Abouelaoualim, A. Outzourhit, Sol. Energy. 260, 1-10 (2023)

[2] D. Wu, X. Zhao, Y. Huang, J. Lai, H. Li, J. Yang, C. Tian, P. He, Q. Huang, X. Tang, Chem. Mater. 33,
4971-4976 (2021)

[3] K. Kluherz, S. Mergelsberg, J. De Yoreo, and D. Gamelin, Chem. Mater. 35(14), 5699-5708 (2023) .

[4] M. Ghasemi, L. Zhang, J. Yun, M. Hao, D. He, P. Chen, Y. Bai, T. Lin, M. Xiao, A. Du, M. Lyu, L.
Wang, Adv. Funct. Mater. 30, 2002342 (2020)

[5] T. Lim, S. Kim, K. Sung, Y. Rhyim, H. Jeen, J. Yun, K. Kim, K. Song, S. Lee, S. Chung, M. Choj, S,
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410 Impact of temperature on the active layer of non-fullerene organic solar cells

L. Li, X. Jiang!, P. Miiller-Buschbaum
! DESY, Hamburg, Germany

In the past few years, thanks to the development of non-fullerene materials and fabrication
processes, the power conversion efficiency (PCE) of single organic solar cell (OSC) devices has
approached 20%. Additionally, compared to traditional silicon-based photovoltaics, the advan-
tages of OSCs, such as flexibility and solution processability, are also prominent. Despite this,
poor device stability remains the main drawback hindering the widespread application of OSCs.
The reasons for device degradation are numerous. Some can be classified as chemical processes,
such as reactions with water and oxygen. Others can be categorized as physical processes, such
as changes in surface morphology due to the working temperature [1]. Solar cells need to be
exposed to light to work, which inevitably generates heat. Therefore, understanding the impact
of working temperature on the degradation of OSCs is a topic that aligns with practical needs.

The most common structure of OSC nowadays includes electrodes, hole/electron blocking lay-
ers, and an active layer. The active layer, which is primarily composed of donor and acceptor
materials, determines the device’s performance. The active layer absorbs photons to form exci-
tons. When excitons migrate to the donor-acceptor interface, electron-hole pairs separate. The
electrons move to the negative electrode through the acceptor material, while holes move to
the positive electrode through the donor material. This creates a potential difference between
the two electrodes, resulting in an electric current in the external circuit. Currently, the exciton
diffusion length in organic photovoltaic materials is about several tens of nanometers. There-
fore, researchers have designed active layers with a bulk heterojunction (BHJ) structure, mixing
donor and acceptor materials to increase the probability of excitons reaching the interface [2].

Figure 4.20: Chemical structure of the used acceptor molecule BTP-4F and donor polymer D18.

In this study, the non-fullerene acceptor material BTP-4F, donor polymer D18 (Fig. [4£.20), and
their blend were separately spin-coated onto glass substrates. Three samples were prepared
for each film. The ultraviolet-visible spectrum (UV-Vis) of each sample was measured before
light exposure. Then, the samples were promptly placed in a chamber that had reached the
target temperature. After turning on the vacuum pump and waiting for the vacuum to stabilize
(approximately 5 x 10~2 kPa), the solar simulator was switched on. The vacuum environment
is created to reduce the impact of water and oxygen on sample degradation, thereby ensuring
that the working temperature is the only variable. Three hours later, we took out the sample
and the second UV-Vis was measured.
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Figure 4.21:

UV-vis absorption spectra of a) blend film, b) acceptor film, and c¢) donor film before and
after illumination at various temperatures for 3 hours. The dashed lines mark the positions

of the peaks.

As we can see in Fig. c), at three different temperatures, the spectral shape for the donor
film before and after illumination is almost the same. Fig. a) and b) exhibit clear differences
that can be observed for blend and acceptor films, respectively. At 55 °C, the peak positions of
both the acceptor film and the blend film shows a redshift of 6 nm. At room temperature, the
magnitude of the redshift is 3 nm. As for 15 °C, there was no significant change before and after

illumination.

In summary, the redshift observed in the blend films appears to be solely contributed by the ac-
ceptor material BTP-4F, while temperature does not seem to significantly affect the donor poly-
mer D18. The magnitude of the peak shift is related to temperature; the higher the temperature,
the greater the redshift, and the lower the temperature, the less the redshift.

[1] X.Jiang, A.]. Gillett, T. Zheng, X. Song, J. E. Heger, K. Sun, L. V. Spanier, R. Guo, S. Liang, S. Bern-
storff, P. Miiller-Buschbaum, Energy Environ. Sci. 16, 5970-5981 (2023)

[2] Y. Liu, Y. Wu, Y. Geng, E. Zhou, Y. Zhong, Adv. Funct. Mater., 32, 2206707 (2022)
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411 Printing of Perovskite and Organic Solar Cells
C. G. Lindenmeir, S. Bernstroff!, P. Miiller-Buschbaum

! Elettra, Triste, Italy

The popularity along with awareness of perovskite and organic solar cells (PSCs, OSCs)
has grown significantly in recent years. The reasons for this are their low weight, potential
upscaling due to a solution-based fabrication process, and high power conversion efficiency
(PCE) values. PSCs already achieved efficiencies up to 25% [1], while OSCs reached 19% [2].
Both solar cell (SC) types are very promising also for the industry due to their low cost and
upscalability with fabrication methods like slot-die coating. However, the actual upscaling
process and the degradation of the solar cells still need to be improved and better understood.
Therefore, in this work, we optimize the slot-die printing technique of these SCs under ambient
conditions. The cells are compared using measuring techniques such as spectroscopy and
real-space imaging in combination with X-ray scattering.

In the first part of this work, the slot-die printing process of the active layer was optimized for
PSCs and OSCs. The perovskite precursor solution consisted of methylammonium lead triio-
dide (MAPI) solved in a 2-methoxyethanol and dimethyl sulfoxide mixture. For optimization,
the hole blocking layer underneath the active layer was treated with potassium just before the
active layer deposition to improve the interface and therefore the efficiency of the solar cell.
For further improvement, the influence of the humidity in ambient atmosphere needed to be
reduced. To minimize this influence of water, all samples were placed into a nitrogen environ-
ment in between layer deposition to cool down before the next fabrication step. The I-V-curve
of the champion MAPI solar cell can be seen in figure a).

Figure 4.22:
Comparison of the I-V curves of a) a slot-die coated perovskite solar cell with an MAPI active
layer from and b) a slot-die coated organic solar cell with a D18:BTP-4F active layer.

For the organic active layer a precursor solution out of the donor D18, the non-fullerene small
molecule acceptor BTP-4F solved in the non-toxic solvent ortho-xylene was used. When print-
ing this solution, another challenge occurred, the print-head and stage needed to be heated, so
that the polymers stayed in solution during printing. Analogous to the production of perovskite
solar cells, the organic films were also stored in a nitrogen atmosphere to cool down between
the production steps. The I-V-curve of the champion OSC can be seen in figure b).
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Figure 4.23:

Stability tests of a slot-die coated organic solar cell with a D18:BTP-4F active layer are shown.
In a), the sinusoidal thermal cycling with increasing amplitude from 20°C to 120°C (0°C in
between) is shown. In b) long term test at stable 20°C and 100°C for 120 min under illumi-
nation with an AM1.5 spectrum is performed.

In the second part of this work, long-term stability measurement tests were performed with the
OSCs. Firstly, the influence of thermal cycling on the performance was tested. For this reason,
the OSC was continuously illuminated with an AM1.5 spectrum for 120 minutes, while the
temperature was increased with a sinusoidal profile from 20 to 120°C. The measured relative
PCE can be seen in figure a). It turns out that with increasing temperature, the power
conversion efficiency also rises, due to an increased charge carrier mobility. Also, the first
pixels started to fail at 120°C. To further test the stability during constantly high temperatures,
the solar cells were tested at 20°C and 100°C for 120 min under illumination. The result
can be seen in figure b). The findings indicate that at 20°C, the solar cell shows greater
stability compared to the cell measured at 100°C. After 120 min, the 20°C solar cell retains
86% of its original PCE, while the 100°C solar cell only reaches 64%. This finding suggests a
significant degradation in performance at higher temperatures. While the open circuit voltage
remains relatively constant across both temperatures, the short circuit current experiences a
faster reduction at 100°C. This observation implies that the decrease in overall performance is
primarily attributed to the degradation of the short circuit current.

In summary, this study focused on optimizing the slot-die printing process for both perovskite
and organic solar cells. We showed that it is possible to print both these types of solar
cells in an ambient atmosphere. Furthermore, this study provides valuable insights into
the temperature-dependent stability of OSCs. Understanding the temperature sensitivity
of solar cells is crucial for developing strategies to mitigate degradation and enhance over-
all performance, ultimately contributing to the advancement of sustainable energy technologies.

[1] J. Jeong, M. Kim, J. Seo, H. Lu, P. Ahlawat, A. Mishra, Y. Yang, M. A. Hope, E. T. Eickemeyer, M.
Kim, Y. J. Yoon, I. W. Choi, B. P. Darwich, S. J. Choi, Y. Jo, J. H. Lee, B. Walker, S. M. Zakeeruddi, L.
Emsley, U. Rothlisberger, A. Hagfeldt, D. S. Kim, M. Grétzel, J. Y. Kim, Nature 592, 381-385 (2021)

[2] L. Zhu, M. Zhang, ]. Xu, C. Lj, J. Yan, G. Zhou, W. Zhong, T. Hao, J. Song, X. Xue, Z. Zhou, R. Zeng,
H. Zhu, C.-C. Chen, R. C. I. MacKenzie, Y. Zou, J. Nelson, Y. Zhang, Y. Sun, E. Liu, Nat. Mater. 21,
656 (2022)
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4.12 Improved surface passivation of AgBiS; quantum dots for photovoltaic
applications

P. Lovri¢, H. Zhong, P. Miiller-Buschbaum

Colloidal quantum dots (CQDs), as inorganic semiconductor nanocrystals, have shown great
promise for next-generation optoelectronic devices due to a size tunable bandgap and solution
processability. AgBiS, CQDs, featuring high absorption coefficient, good water stability and
photon harvesting in the near-infrared range, have emerged and serve as eco-friendly, non-toxic
and abundant alternatives to PbS CQDs in optoelectronic applications.

Up to now, there is much less research about AgBiS, CQDs based devices than PbS CQDs pri-
marily due to less mature and reproducible synthesis of the former material. The insulating and
long-chain organic ligands of synthesized CQDs, a commonly shared issue in CQDs towards
device applications, impede charge carriers transport within CQDs film. Additionally, cation
disordering around Ag-Ag sites impairs CQDs’ optoelectronic properties due to interactions of
surface ligands.

There has been much research into surface passivation of AgBiS, QDs. The idea is to
minimize the interparticle spacing, which promotes carrier transport and lowers defect density,
in turn reducing recombination losses. Ligand exchange with organic ligands has shown
improvement, but their bulkiness and vulnerability to oxidation have motivated an inorganic
ligand strategy [1]. Namely, metal chalcogenide complexes lead to increased carrier mobility;
they offer a negative charge to the QDs and provide a strong electrostatic repulsion, which in
turn leads to stable dispersion. Monovalent inorganic ligands bound to cations would offer
highly effective passivation and could even form charge-neutral films at room temperature,
while keeping band gap retained. Research has shown that treatment of PbS QDs with TMAI,
which reduces in-gap states by preventing oxidization, improved open circuit voltage but
suffers from low mobility and poor charge transport. However, treatment with an inorganic
halide such as zinc iodide ( Znly), improved charge transport and increased short circuit
current. In addition to Znl,, tetrabutylammonium iodide (TBAI) is used in ligand exchange
because it provides better QD stability. Additionally, previous work [2] reported that ligand
exchange with bromide halide instead of iodide could lead to better passivation of AgBiS,
CQDs, which is something that could be further explored by using ZnBr; ligands and TBABr.

H,C CH H,C
\N+/ 3 3 \ /CHs /Zn\
N+
e Nen | |
H,C 3 H.C 3
- Br-

Figure 4.24: Chemical structure of TBAI (left), TBABr (centre) and Znl, (right)

Inspired by the strategies of PbS CQDs, TBAI, tetrabutylammonium bromide (TBABr) and
zinc iodide (Znl;), shown in Fig. are used to explore the anions’ role of surface ligands
in AgBiS, CQDs. Chosen ligands introduce I~ and Br~ ions to the QD surface, resulting
in passivation of trap states. However, research has shown that different counterions which
deliver iodine and bromine have different effects on the QDs. Depending on the counterion,
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QD surface morphology and charge carrier mobility change, along with trap density, e.g. TMAI
treated QDs showed less trap states and higher carrier mobility than TBAI treated QDs [4].
Solid-state ligand exchange was performed on AgBiS, QDs by applying the ligand solution
to each QD layer upon deposition in a layer-by-layer fashion. First, ligand solutions of TBAI,
TBABr and Znl, have been created according to literature [1][2][4]. After spin coating the QD
solution at 2500 rpm for 10 seconds, five drops of ligand solution are applied, left on the sample
for 30 seconds, and spun to dry for 10 seconds. This process was repeated, after which the
sample was washed twice with methanol and once with toluene and again spun to dry for 10
seconds. After waiting 60 seconds, the process is repeated for the next QD layer. A reference
sample was then created by depositing layers of AgBiS, QDs without the ligand exchange. For
FTIR measurement, the sample was prepared by simple drop casting followed by solid state
ligand exchange.

Figure 4.25: UV-vis absorption spectra of a QD
film with different surface ligands on glass sub-

strate Figure 4.26: FTIR spectra of a QD film

with different surface ligands on glass
substrate

As shown in Fig. we can see absorption peaks of the reference sample at 900 nm, TBAI
treated sample at 910 nm and TBABr treated sample at 913 nm. From this data, we can notice
that there is a red shift in wavelength after the solid state ligand exchange, as well as broadening
of the peak. No noticeable peak is observed for the sample treated with Znl,. There is also a
second peak in the 600 nm wavelength region, which indicates that our sample might contain
QDs of different sizes.

FTIR spectra on Fig. shows that the surface ligands were successfully removed, with a
certain degree of success for each ligand solution. We can see that TBAI did not completely
remove OA ligands, but did decrease their concentration, whereas TBABr and Znl, completely
removed them.
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[2] Y. Xiao, H. Wang, F. Awai, N. Shibayama, T. Kubo, J. Nakazaki, H. Segawa, Chem. Lett. 51, 1004-1007
g y g
(2022)

[3] H. Tang, J. Zhong, K. Wang, X. Wei Sun, SID 2018 Digest

[4] D. M. Balazs, D. N. Dirin, H. Fang, L. Protescu, G. ten Brink, B. J. Kooi, M. V. Kovalenko, M. A. Loi,
ACS Nano 9, 11951-11959 (2015)
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4.13 Investigating the additive impact on slot-die coated quasi-2D Ruddlesden-
Popper perovskite thin films for potential photovoltaic applications

N. L. W. Pyae, K. Sun, P. Miiller-Buschbaum

In the domain of third-generation photovoltaic technologies, perovskite solar cells have
achieved a breakthrough, demonstrating a substantial improvement in power conversion
efficiency (PCE). Over the past two decades, single-layer perovskite solar cells have evolved
from a modest 3.8% to an impressive PCE of 26.1% [1] as of 2023. Currently, the spin-coating
deposition technique dominates the small-scale production of perovskite solar cell films.
However, this method, while effective, operates slowly and generates significant waste. To
transition from laboratory-scale to industrial-scale production, roll-to-roll (R2R) manufacturing
processes, such as the R2R-compatible slot-die coating technique, demonstrate useful for
achieving cost-effective production rates. One such method, the R2R compatible slot-die
coating technique, enables solution-based processing and minimizes material wastage.

In recent times, quasi-2D perovskites in solar cells (PSCs) have garnered substantial interest due
to their enhanced stability compared to their 3D counterparts. Notably, recent achievements
have demonstrated a remarkable power conversion efficiency (PCE) of 21.07% [2] in quasi-2D-
based PSCs. Despite their great potential, a significant challenge persists: the comparatively
lower efficiency compared to 3D-based counterparts. Overcoming this obstacle requires ad-
dressing issues such as controlling crystal orientation and fine-tuning multiple phase distribu-
tions. This study addresses these challenges by utilizing methylammonium chloride (MACI)
as an additive to control crystal orientation and phase distribution within quasi-2D perovskite
thin films. Additionally, a novel solvent system, a blend of 2-methoxyethanol (2ME) and ace-
tonitrile (ACN), is employed for preparing the perovskite precursor solution, aiming for faster
deposition of perovskite films at room temperature. This study explores the impact of the novel
solvent system and MACI additive on slot-die coated film quality, the film formation process,
optoelectronic properties, and crystal orientation.
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Figure 4.27:

Normalized photoluminescence (PL) spectra of BAsMA3Pbyl, 3 perovskite films illuminated
from a) front side, b) back side, and c) X-ray diffraction (XRD) spectra of all printed per-
ovskite films, showing XRD spectra of 0 wt% and 5 wt% sample in the inset.

In order to enhance the understanding of the composition of layered perovskite films, steady-
state photoluminescence (PL) spectra of all slot-die coated quasi-2D perovskite thin films
was conducted from both sides of the film. In Fig. a), the normalized PL spectra from
the front side (air-film interface) reveal multiple low-n phases in all films, characterized by
relatively low-intensity peaks at shorter wavelengths and a dominant long-wavelength PL
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peak. Notably, the suppression of low-n phases is evident in samples with added MACI.
In contrast, PL spectra obtained from the film-glass interface (Fig. b) predominantly
feature the long-wavelength peak from the 3D-like perovskite phase. This PL data leads to
the conclusion that layered perovskite phases with smaller n tend to reside closer to the film
surface, while 3D-like perovskite phases prefer the bottom layers.

The X-ray diffraction (XRD) patterns of all the printed quasi-2D perovskite thin films in Fig
c) exhibited preferential growth along the (111) and (202) reflections[3], indicative of ver-
tical growth of perovskite compound. Increasing the amount of MACI resulted in sharper
diffraction peaks and narrower FWHM (full width at half maximum), suggesting improved
crystallinity and well-oriented crystal growth. This observation was further corroborated by
grazing-incidence wide-angle X-ray scattering (GIWAXS) analysis, which examines the phase
distribution and orientation profiles of quasi-2D perovskite layers. In Fig. a) and b), Debye-
Scherrer rings were recorded for the 0 wt% and 5 wt% MACI-added films, indicating less well-
oriented crystallization, while films with 15 wt% and 30 wt% MACI addition exhibited more
well-oriented crystalline nature, as depicted in Fig. c) and d). These results acquired sug-
gest that the incorporation of MACI serves to suppress low-n phases while improving both the
crystallinity and crystal orientation of quasi-2D perovskite films coated via the slot-die method.

Figure 4.28:
2D GIWAXS data of slot-die coated BA;MA3Pb,l;3 perovskite films with a) 0 wt%, b) 5 wt%,
¢) 15 wt%, and d) 30 wt% MACIL

[1] J. Kim, H. S. Yun, M. J. Paik, E. Noh, H. J. Mun, M. G. Kim, T. J. Shin, S. I. Seok, Nature 616, 724-730
(2023)

[2] M. Shao, T. Bie, L. Yang, Y. Gao, X. Jin, F. He, N. Zheng, Y. Yu, X. Zhang, Adv Mater. 34, €2107211
(2022)

[3] D. H. Cao, C. C. Stoumpos, O. K. Farha, J. T. Hupp, M. G. Kanatzidis, J. Am. Chem. Soc. 137, 7843-
7850 (2015)
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414 Comprehensive Analysis of PTQ-2F:BTP-4F-Based Organic Solar Cells Fabri-
cated with Various Solvents

L. V. Spanier, P. Miiller-Buschbaum

Organic solar cells present a promising avenue for renewable energy due to their lightweight,
flexible nature and the potential for low-cost manufacturing. Understanding the influence of
fabrication parameters, such as the choice of solvent, on the performance and stability of these
solar cells is crucial for their practical implementation [1]. This project presents a comprehen-
sive analysis of organic solar cells based on the PTQ-2F:BTP-4F blend, fabricated using various
solvents, including halogenated (chloroform (CF), chlorobenzene (CB)) and non-halogenated
(ortho-xylene (0XY), trimethylbenzene (TMB)) options. The investigation primarily focused on
understanding the influence of solvent-induced morphology changes on the performance of
the solar cells. Operando grazing-incidence small-angle X-ray scattering (GISAXS) was used to
monitor morphological alterations during operation, revealing significant differences in degra-
dation behavior based on the nature of the solvent.

Figure 4.29:

Operando analysis of PTQ-2F:BTP-4F OSCs produced from CF, CB, oXY, TMB solutions.
The OSCs were operated under 1 SC of illumination with an AM 1.5G solar simulator. a)
Horizontal GISAXS linecuts through the Yoneda-region of the active layer. b) Domain size
distribution as obtained from GISAXS utilizing cylindrical form factors. c) Time evolution of
respective domain sizes. d) Time evolution of normalized OSC performance parameters.

The organic solar cells were fabricated using the PTQ-2F:BTP-4F blend with different solvents,
and their morphologies were characterized using in-operando GISAXS. This technique allowed
for real-time observation of morphological changes during the operation of the solar cells. Addi-
tional characterizations were performed using ultraviolet-visible spectroscopy (UV-Vis), photo-
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luminescence spectroscopy (PL), grazing-incidence wide-angle X-ray scattering (GIWAXS), and
solar simulation experiments. These analyses aimed to provide insights into the performance
and morphology of static solar cells.

The investigation into PTQ-2F:BTP-4F-based organic solar cells, fabricated with various sol-
vents, yielded insightful findings through a multi-faceted approach. The study revealed sig-
nificant differences in degradation behavior contingent on solvent type. Halogenated solvents,
namely chloroform and chlorobenzene, exhibited distinct morphological alterations compared
to non-halogenated solvents like ortho-xylene and trimethylbenzene. UV-Vis spectroscopy and
photoluminescence spectroscopy analyses provided further understanding of the solar cells” op-
tical properties. Shifts in absorption and emission spectra were observed, aligning with the mor-
phological changes identified by GISAXS. Analysis of PL, UV-Vis, and GIWAXS data revealed
notable differences in molecular aggregation, specifically into H- and J-aggregates of the small
molecule acceptor, depending on the solvent used during fabrication. Solar simulation experi-
ments evaluated the overall performance of the organic solar cells. Notably, the best-performing
solar cell achieved an efficiency of 13.4%, underlining the potential of PTQ-2F:BTP-4F-based or-
ganic solar cells.

Figure 4.30:

Optical analysis of PTQ-2F:BTP-4F bulk heterojunctions produced from CF, CB, oXY, TMB
solutions. a) UV-Vis spectroscopy on glass substrates with highlighted relative absorbance
normalized to the BTP-4F absorbance maximum. b) PL spectroscopy on silicon substrates.

Collectively, these results underscore the intricate relationship between solvent selection, mor-
phological evolution, and device performance. The observed disparities in degradation be-
havior emphasize the critical role of solvent choice in optimizing the fabrication processes of
organic solar cells. These findings contribute significantly to advancing the understanding of
structure-performance relationships in organic photovoltaics, with implications for enhancing
device design and efficiency. This study highlights the impact of solvent selection on the mor-
phological evolution and degradation behavior of PTQ-2F:BTP-4F-based organic solar cells. The
results provide valuable insights into the relationship between solvent choice, morphology, and
performance. The observed differences in degradation behavior emphasize the importance of
considering solvent effects in the optimization of organic solar cell fabrication processes. The
findings contribute to advancing the understanding of structure-performance relationships in
organic photovoltaics, paving the way for enhanced device design and efficiency.

[1] M. Nuber, L.V. Spanier, S. Roth, G.N. Vayssilov, R. Kienberger, P. Miiller-Buschbaum, and H. Iglev,
J. Phys. Chem. Lett. 13, 10418 (2022)
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4.15 Degradation mechanisms of layered perovskites under light and heat condi-
tions

K. Sun, S. Bernstorff!, P. Miiller-Buschbaum
! Elettra, Trieste, Italy

Layered two-dimensional perovskites have received tremendous interest due to their unique
features, e.g., tunable electronic and optoelectronic properties and versatile structures by choos-
ing different organic bulky cation. The typical Ruddesden-Popper (RP) perovskites have the
general formula of A’3A,,_1B,X3,+1, where A’, A, B, X, and n represent monovalent bulky or-
ganic cations, monovalent cations, divalent metal cations, halide, and inorganic slabs, respec-
tively. Quasi-2D perovskite solar cells (PSCs) have surpassed 21 % power conversion efficiency
(PCE), approaching the PCE of their 3D counterparts [1]. In addition, the organic bulky cation
can prevent oxygen and moisture invasion, impeding ion migration and leading to the overall
enhanced stability. Notwithstanding the big success in PCE, the operational stability of PSCs
limits real-world application. In particular, mixed perovskites undergo element and phase seg-
regation which undermines device efficiencies and lifetime under heat condition [2]. Moreover,
it was found that voids closed to the buried interface of PSCs can be formed during device oper-
ation, which leads to the increased defect densities and is detrimental to device stability [3]. In
this perspective, understanding degradation mechanism of layered perovskites under external
stimuli is the perquisite of enhancing the operational stability of PSCs and further promoting
their commercialization.

In the present work, we investigated the structural changes of butylammonium (BA™)-based
layered perovskites (BAzA,,_1B,X3,41) under constant AM 1.5 illumination and heat condi-
tions at 80 °C with grazing-incidence X-ray small-angle scattering (GISAXS) at the Austrian
SAXS beamline, ELETTRA. Moreover, we also compared the degradation behavior of layered
perovskites under different external stimuli, i.e., under light illumination, heat, and combined
light and heat conditions. The crystal structure of these layered perovskites with different thick-
ness is shown in Figure
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Figure 4.31:
The crystal structure of RP perovskites with different n values, showing the dimensionality
from 2D (n=1) to quasi-2D (1<n<oo) and 3D-like phase.

Figure shows 2D GISAXS detector images of the BA-based layered perovskite samples be-
fore and after degradation. The reflex at around 2.55 nm ™! contains the desired information
about morphology of the layered perovskite. For the subsequent analysis, the 2D GISAXS data
is reduced to a 1D intensity profile by azimuthal integration. The degradation of the layered per-
ovskite film under combined exposure to heat and light is most prominent in the broadening
of the reflex peak (Figure [£.32E). In addition, we observe a slight peak shift with respect to the
dashed line, manifesting a microscopic structure change of the perovskite. These alterations in
peak characteristics offer insights into the degradation mechanism of layered perovskites under
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heat and light conditions. To qualitatively analyze the morphological change, horizontal line-
cuts at respective Yoneda peak are performed (Figure [4.32F). These notable shifts towards both
smaller and larger g-values showcase significant morphological change under different degra-
dation conditions over time , as indicated by black arrows. Notably, we observe the most drastic
changes in lateral morphology of layered perovskite under the condition of combined heat and
light illumination. Interestingly, when layered perovskites are solely exposed to light illumina-
tion, the observed shifts are less pronounced compared to layered perovskites subjected to both
light and heat. Notably, during degradation due exclusively to heat exposure, a distinct shift to-
wards smaller g-values is evident. In summary, layered perovskites are relatively stable under
light illumination, while structural changes become apparent when exposed to heat conditions
and combined heat and light conditions.

Figure 4.32:

Selected 2D GISAXS detector images of BA-based perovskite samples (a) before degradation,
(b) after heating at 80°C), (c) after light-illumination, and (d) after light and heat (80°C)) degra-
dation. (e) Azimuthally integrated cuts of samples under different degradation conditions,
indicating q-position shifts and prominent perovskite peak at q 2.55 nm ™1, (f) horizontal line
cuts of samples under different degradation conditions, showing the varying intensity in the
low-and high-q ranges.

[1] M. Shao, T. Bie, L. Yang, Y. Yang, Y. Gao, X. Jin, FE He, N. Zheng, Y Yu, X. Zhang, Ad. Mater. 34,
2107211 (2022)

[2] Y. Bai, Z. Huang, X. Zhang, J. Lu, X. Niu, Z. He, C. Zhu, M. Xiao, Q. Song, X. Wei, Science 378, 747
(2022)

[3] M. Wang, C. Fei, M. A. Uddin, J. Huang, Sci. Adv. 377, 531-534 (2022)
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416 P-type PbS CQD ink for slot-die coating of solar cells
F. Talib , H. Zhong, P. Miiller-Buschbaum

Colloidal quantum dots (CQDs) exhibit remarkable efficiency as nanomaterials, featuring
adjustable opto-electronic properties, versatile surface chemistry, and easy deposition through
solution-based methods. Lead chalcogenide CQDs, in particular, are widely used in photo-
voltaic devices due to their tunable band gap, broad light absorption spectrum, high dielectric
constant, and through multiple exciton generation has the potential to overcome the Shockley-
Queisser limit [1]. Among lead chalcogenide CQDs, PbS CQDs have demonstrated high
efficiency, with record power conversion efficiency (PCE) of about 16.4% in solar cells [2]. Fig.
[.33(A) shows the wavelength range that CQD PbS can harvest.

Optimizing charge collection in solar cells is crucial for enhancing efficiency. Implement-
ing appropriate electron and hole-blocking layers improves both open-circuit voltage and
photocurrent. Research has extensively explored modifications to the n-type metal oxide
hole-blocking layer (HBL). However, investigation of the electron-blocking layer (EBL) is rarely
seen. The overall performance of colloidal quantum dot (CQD) solar cells can be enhanced
by striking a balance between hole extraction and photo-voltage. Additionally, the EBL plays
a pivotal role in ensuring the long-term stability of the solar cell device in ambient conditions [4].

Our work aims to design P-type ink of PbS CQDs for CQDs solar cell to improve the PCE. This
study explores the optimal EBL based on PbS, investigating suitable QD surface ligands to mini-
mize the recombination of charge carriers at the EBL /active layer interface and capture a signif-
icant portion of the infrared rays. CQD ink is prepared to fabricate the solar cell’s EBL using the
slot-die deposition technique. For p-type CQD for the EBL, we aim to use the solution-processed
ligand exchange technique to replace the original organic oleic acid ligands (long chain and in-
sulating) from the PbS QD surface with 3-mercaptopropionic acid(3-MPA). Solution-processed
ligands exchange has the advantages over solid-state ligands exchange as the former ensures
a homogeneous ligands coverage over the QD surface, makes highly concentrated CQD ink
with highly efficient ligands exchange, and prevents material waste and defects formation and
oxidation.

Figure 4.33: A) PbS solar energy harvesting spectrum [5] B) Slot die coating process [6]
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Figure 4.34:
Comparison of the films made with the solid state and solution-processed ligands exchange.
Films produced with the former technique deteriorate and have cracks [7]

Fig. shows the comparison between the two methods. We chose 3-MPA ligands for the PbS
CQD because of better colloidal stability and high oxidation stability over extended periods of
air exposure during storage [8]. For the CQD ink preparation, we plan to use butylamine sol-
vent, according to the literature, to dissolve the 3-MPA capped PbS CQD as it further enhances
the colloidal stability of the ink for months, suppresses the trap states, ensures film smoothness,
and shows a PCE of approx 11%. The valance band of EBL made from this ink is shallower than
the valance band of the active layer, making it a good choice for hole extraction at the respective
electrode [9].

The next step will be to make solar cells with the CQD ink for EBL film using the slot-die coating
technique and do the necessary characterization to understand the relationship between under-
lying material characteristics and device performance. Fig. [£.33(B) shows how the coating pro-
cess works. The advantages of slot-die coating in solar cell fabrication include high precision,
excellent material utilization, and compatibility with potential large-scale, high-throughput in-
dustrialization.

[1] D. Bederak, D. N. Dirin, N. Sukharevska, j. Momand, V. Kovalenko, M. A. Loi, Chem. Mater. 33,
320-326 (2020)

[2] K. Kumar, P. Bharti, B. Pradhan, Sci. Rep. 13, (2023)

[3] G.Yang, Y. Zhu, ]. Huang, X. Xu, S. Cui, Z. Lu, Opt. Express 27 (2019)

[4] L.Cattin, G. Louarn, L. Arzel, N. Stephant, M. Morsli, ]. C. Bernede, ACS Omega 6, 6614-6622 (2021)
[5] S.Zheng, J. Chen, E.M.]. Johansson, X. Zhang, iScience 23, 101753 (2020)

[6] P. Martinez-Moore, North ridge pumps (2021)

[7] H. Beygi, S. A. Sajjadi, A. Babakhani, J. E. Young, F. C.J.M. Van Veggel Appl. Surf. Sci. 459, 562-571
(2018)

[8] M. Gu, Y. Wang, F. Yang, K. Lu, Y. Xue, T. Wu, H. Fang, S. Zhou, Y. Zhang, X. Ling, Y. Xu, F. Li, J.
Yuan, M. Loi, Z. Liu, W. Ma |. Mater. Chem. A 7, 15951-15959 (2019)
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4.17 Setup for rapid thermal cycling of perovskite solar cells
S. A. Wegener, P. Miiller-Buschbaum

Perovskite solar cells are a new class of solar cells that has gained more and more attention
within the last decade. Perovskite solar cells get their name from the perovskite crystal structure
of their active layer. The great interest in this technology is due to its ability to be manufactured
in a solution-based process while maintaining similar performance compared to conventional
silicon-based solar cells. Further, their thickness lies at less than 1 ym way below those of
conventional solar cell technologies. This drastically reduced the needed material per covered
area. For this reason, they are characterized as thin-film solar cells. The perovskite structure
allows for a broad stoichiometric selection enabling band gap tunability that depends on the
chosen precursor’s chemical make up. A commonly used composition is methylammonium
lead triiodide. Depending on the optical bandgap the perovskite can be used for different
applications. So the bandgap can be chosen close to the Shockley-Queisser limit, which
determines the optimal bandgap for solar cell application. This tunability also enables the use
of perovskites for sensor applications [1].

However, the intensive research in this field is not only justified by the great potential of
perovskites but also by the challenges that come along with their real-world application. One
of the most focused goals is here to increase the stability of the material against moisture, which
is still one of the keys to allowing the economic use of perovskites.

One major field of application for solar cells is space. Here, gallium arsenide (GaAs) multi-
junction solar cells are state-of-the-art. These high-end cells provide efficiencies way above
those of conventional silicon-based devices. Nevertheless, perovskites outperform GaAs in
terms of power-to-weight ratio [2] and this is one of the main factors in space due to launch
costs. Besides these, the main weakness of perovskites, humidity, is not important for space
applications. As a result, the great potential of perovskites for space applications is out of
the question. The challenges are now to back up this potential, locate other weak points,
understand those, and find adequate solutions.
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Figure 4.35:
Temperature and normalized PCE of a perovskite solar during thermal cycling between 0
and 120°C.

To investigate the interplay of rapid temperature change that are prominent in most orbits
around the earth [3], vacuum, solar cell performance, and material structure of the perovskite
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solar cells, we upgraded an already proven experimental setup at our chair. The so-called
"pocket-solar” solar simulator has been a for years successfully used sample environment for
thin-film samples. The setup was designed to do gracing incidence X-ray scattering experi-
ments, while the sample is irradiated with artificial sunlight and electrically characterized. The
setup is built into a vacuum chamber to allow measurements under no atmosphere or different
atmospheric conditions. As the name suggests, the setup is relatively small and fits into a
normal suitcase. This allows easy travel to large-scale X-ray facilities.

Figure 4.36:

Exemplary 2D GIWAXS data for
a single temperature point during
thermal cycling of a perovskite solar
cell under operation.

The recent upgrade includes a thermal cycling stage that is integrated into the setup. The aim
was to allow fast and precise temperature changes between 0 and 120 °C. This is technically
implemented by the usage of Peltier elements and a water coolant circuit. The setup allows
heating rates of over 100°C/min. These fast changes are needed for two reasons. First,
the low thermal mass of perovskite solar would lead to a fast-rising temperature under sun
illumination in space. Second, the opportunity to perform a high number of thermal cycles
allows us to investigate induced sample degradation in operando on reasonable timescales.
This is especially important because beam time on large-scale X-ray sources is limited and
expensive. The first in situ thermal cycling experiments were performed at Elettra synchrotron
in Trieste and at the Petra III beamline at DESY in Hamburg in October 2023.

Various types of perovskite solar cells and also organic solar cells were thermally cycled with
different temperature profiles. Figure[4.35exemplary shows the temperature and power conver-
sion efficiency (PCE) of a perovskite solar cell. Besides the short-term temperature dependence
of the PCE also a long time change over several cycles is visible. In parallel to the thermal cycling
grazing incidence small angle and wide angle scattering (GIWAXS / GISAXS) was performed.
The GIWAXS measurements allow the determination of lattice strain in the thin-film and also
report changes in the crystal phase. In contrast, GISAXS gives information about larger domains
in the solar cell. Figure[4.36/shows the example of 2D GIWAXS data from a perovskite solar cell.

[1] L. Guo, H. Sun, M. Wang, M. Wang, L. Min, E. Cao, W. Tian, L. Li Adv. Mater. 34, 2200221 (2022)

[2] Y. Hu, T. Nio, Y. Zhou, Y. Xia, C. Ran, Z. Wu, L. Song, P. Miiller-Buschbaum, Y. Chen, W. Huang
ACS Energy Letters 6,2917-2943 (2021)

[3] T.S. Krause, K. T. VanSant, A. Liniger, K. Crowley, T. J. Peshek, L. McMillon-Brown Solar RRL 7,
2300468 (2023)
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4.18 Hybrid energy harvester based on the combination of triboelectric nanogener-
ator and solar cell

T. Xiao, P. Miiller-Buschbaum

Developing clean energy lies in the heart of human society.[1] Triboelectric nanogenerator
(TENG) originating from Maxwell’s displacement current is a new type of energy harvester
for harnessing ambient mechanical energy. Based on the coupling effect of triboelectrifica-
tion and electrostatic induction, TENG can directly convert ambient mechanical energy into
electricity.[2] Compared with other counterparts, such as electromagnetic generator, owing to
the advantages of lightweight, low cost, and easy fabrication, TENG becomes one of the most
promising candidates to replace fossil fuels and attracts worldwide attention in the past decade.
Since TENG has been first proposed in 2012, many kinds of TENGs have been fabricated
for converting different types of mechanical energies into electricity.[3] However, to further
increase the energy harvesting efficiency and broaden application fields, integrating the TENGs
with other kinds of energy harvesters in one device is a possible way to meet these needs.

In the present work, in order to suit for potential applications in robotics and smart home
systems, we design a TENG based hybrid energy harvester and fabricate it on the flexible
polyethylene terephthalate (PET) substrate. This hybrid device consists of a single-electrode
mode TENG component and a PbS quantum dot (QD) based solar cell component, which
can harness both mechanical and solar energy from ambient environment to directly generate
electricity through two different working mechanisms. The structure of as-fabricated hybrid
energy harvester is schematically shown in Fig.[4.37a, which is with the common configuration
of ITO-PET/ZnO/PbS QDs/Au as the solar cell under the bottom and further covered by
the polydimethylsiloxane/Triton X-100 (PDMS/TX100) mixture thin film on the top as the
dielectric material for forming a TENG component. Here, Au serves as both the bottom
electrode for TENG and the anode for solar cell. Fig. presents a photograph of the hybrid
device at bending state, showing its good flexibility.

Figure 4.37:
a) Schematic illustration of as-fabricated hybrid energy harvester. b) Photograph of the real-
ized hybrid device at bending state.

For the output performance of the hybrid device, we begin the measurement with the solar cell
component. It can be observed from Fig. that the power conversion efficiency (PCE) of the
solar cell component from the champion sample achieves 4.92% with a short-circuit current of
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Figure 4.38:
a) Output performance of the solar cell component. b) The setup of the GISAXS measure-
ment. c) PCE of the solar cell component from the champion sample at different states.

22.8 mA/cm?, an open-circuit voltage of 0.56 V and a fill factor of 41%. Moreover, in order to
investigate the bending stability of the whole device, grazing incidence small-angle X-ray scat-
tering (GISAXS) is used to characterize the morphology changes of the mesoscale structure.[4]
Fig. shows the setup of the GISAXS measurement used in this work. From Fig. [£.38c, we
can see that there is only a 4.1% decrease on the output performance of the solar cell component
after 1000 times bending, demonstrating the high bending stability on the outputs of the whole
hybrid device. Finally, the charging capability of the fabricated device has also been charac-
terized in this work to further demonstrate potential applications in future robotics and smart
home systems.

[1] B. O’regan, M. Grétzel, Nature 353, 737 (1991)
[2] Z. L. Wang, Mater. Today 20, 74 (2017)

[3] L. Zheng, Z. Lin, G. Cheng, W. Wu, X. Wen, S. Lee, Z. L. Wang, Nano Energy 9, 291-300 (2014)
[4] P. Muller-Buschbaum, Adv. Mater. 46, 7692-7709 (2014)
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419 Stacking kinetics of PbS quantum dots orientated by the perovskite matrix
during printing

H. Zhong, J. G. Ebel, W. Chen!, S. V. Roth?3, P. Miiller-Buschbaum

1 SZTU, Pingshan, China
2 DESY, Hamburg, Germany
3 KTH, Stockholm, Sweden

PbS colloidal quantum dots (CQDs), which are synthesized and processed in solution, are
greatly attractive in solution-processed optoelectronic devices owing to their tunable photo-
physical properties. Up to now, the commonly used CQDs ink for the absorption active layer,
which has achieved the best performances of PbS CQD PVs [1], is through lead iodide and
bromide passivation, where the PbXy (X= I or Br) capped CQDs powder obtained from the
ligand exchange in liquid phase is re-dispersed in a polar solvent to form a concentrated ink for
the next film deposition. Towards the commercialization of PbS CQDs solar cells, there is no
doubt that a stable CQDs ink with high concentration and the fabrication of a good-quality PV
film with homogeneous energetic configuration and excellent surface passivation are the keys.
In terms of the energetic landscape, the excessive Pbl, matrix in CQDs film, which remains an
amorphous and inhomogeneous configuration, causes the energetic disorder of CQDs film and
impedes the effective electron coupling. To solve this issue, one of the effective strategies to
flatten the energy landscape in CQDs solids has been demonstrated to improve diffusion length
and open circuit voltage (Voc) deficit by confining excessive PbX; matrix with amorphous
state into 2D structure via hybrid amine solvents [2]. Inspired by this strategy, we investigated
the interaction of each amine solvent with the excess lead halides, revealing its impact on
chemical passivation and structure configuration of CQDs solids, providing significant insight
for solvent engineering in CQDs ink.

Figure 4.39:
a) Schematic of CQDs ink preparation. b) FTIR spectra of CQDs film prepared with different
amine solvents.

In this work, the ligand exchange was performed and the resultant CQDs powder was re-
dispersed with butylamine (BTA), pentylamine (PTA), hexylamine (HXA), and mixed amine
solvents (BTA: PTA: HXA=10:3:2), which is denoted as solvent engineering in Fig.
The red-shift peaks at N-H stretching mode and N-H scissoring mode presented in Fourier
transform infrared (FTIR) spectroscopy indicates the emergence of Pbl>-amine coordination
complexes, compared to pure amines [3]. O 1s spectra deconvoluted into Pb-OH, COO-/COa,
and OH species is presented in X-ray photoelectron spectroscopy (XPS), as is seen in Fig.
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Figure 4.40:

XPS spectra of the CQDs for a) I 3d and b) O 1s. c) 2D GISAXS data of CQDs film pre-
pared with BTA(black), PTA(red), HXA(blue) and mixed solvent (green). d) Azimuthally-
integrated intensities of Bragg peak in the 2D GISAXS data.

Low sub-bandgap states and reduced OA ligands in CQDs mix-based amine can reduce
the charge carrier recombination, yet substantial signal at -OH suggests that ambient H20
adsorption which may impede the effective passivation of iodide moieties in mix-amine treated
QD:s film, as is presented in I 3d spectra in Fig.

To determine the average center-to-center spacing of nanoparticles as well as their packing
uniformity, Grazing-incidence small-angle X-ray scattering (GISAXS) was used. As is seen in
2D GISAXS data, all the samples show distinct Bragg peaks, suggesting CQDs configuration
is well-ordered. To quantitatively analyze the inner structure, the azimuthal cut at the Bragg
peak is conducted in each sample to extract inter-dot distance and its distribution. All CQD
films share close inter-dot spacing with 3.7 nm, yet PTA-based CQDs film has slightly smaller
distance distribution than the others. The CQDs size is 3.2 nm, thus the interstitial thin matrix
layer around neighboring CQDs is 0.5 nm. The PTA-based CQDs film with ordered structure
is favorable to the diffusion length of minority charge carriers. The device performance of PbS
CQDs can be further investigated to connect its relations to the chemical passivation and inner
structure.

[1] C. Ding, D. Wang, D. Liu, H. Li, Y. Li, S. Hayase, T. Sogabe, T. Masuda, Y. Zhou, Y. Yao, Z. Zou,
Adv. Energy Mater. 12, 2201676 (2022).

[2] J. Xu, O. Voznyy, Liu. M, A. R. Kirmani, G. Walters, R. Munir, M. Abdelsamie, A. H. Proppe,
A. Sarkar, F. H. Garcfa de Arquer, M. Wei.Nature Nanotechnol. 13, 456-462 (2018).

[3] R.S. Al Khulaifi, M. M AlShehri, I. Al-Qadsy, A.R. Kirmani, G. Walters, R. Munir, M. Abdelsamie,
M. A. Al Jufareen, W. S. Saeed, A. Y. Badjah-Hadj-Ahmed, T. Aouak.Separations 10, 602 (2023).
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5 Polymer-hybrid systems



92 CHAIR FOR FUNCTIONAL MATERIALS ANNUAL REPORT 2023

5.1 Comparison of direct current magnetron sputtering (dcMS) and high power im-
pulse magnetron sputtering (HiPIMS) of Ag on structured PS-b-P4VP

Y. Bulut!, B. Sochor!,C. Harder! K. Reck? ]. Drewes?, Z. Xu, X. Jiang,
A. Meinhardt>*, A. Jeromin3, M. Kohantorabi®, H. Noei'3, T. F. Keller®*,
A. Stierle?, T. Strunskus?, F. Fraupel?, P. Miiller-Buschbaum, S. V. Roth!®
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Structured surfaces are of vital interest for applications in organic electronics [1]. Over the time
different approaches were investigated and were improved to fabricate structures on the nano
scale for example with nanoimprint lithography, scanning beam lithography and self-assembly.
Especially, the polymer class of diblock copolymer is excellently suited to produce nanostruc-
tured templates via self-assembly. Furthermore, different shapes like spheres, lamellae, squares,
relief and cylinders can be fabricated due to the various types of diblock copolymers, their block
ratio and their treatment respectively. Thus, patterning the nano size regime based on soft mate-
rials are desired for lithographic applications due to their low cost. Especially, the combination
of soft matter with metals forming metal-polymer composites are of vital interest for sophisti-
cated devices. Especially silver (Ag) as a metal can be used in a versatile fashion. In particular
the optoelectronic properties of Ag can be used in the nanoscale regime as photonic crystals,
sensors, catalysts and flexible electrodes. The aim is to quantitatively evaluate the differences
between direct current magnetron sputtering (dcMS) and high power impulse magnetron sput-
tering (HiPIMS) of Ag on these polystyrene-b-poly-4-vinylpyridine pattern [3].

Figure 5.1: Displayed is the inner part of the sputter chamber of CAU Kiel.

For the substrate preparation we used acid pre-cleaned si substrates. These si substrates un-
dergo a spin-coating procedure with a PS-b-P4VP solution to obtain a structured micellar pat-
tern consisting of PS-b-P4VP. The in-situ GISAXS/GIWAXS investigations were performed with
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a custom-made mobile deposition chamber developed by the group of CAU Kiel [2]. This depo-
sition chamber was mounted at the beamline P03, PETRA III, DESY, Hamburg. For the in-situ
experiments, a PILATUS 2M detector (Dectris, Switzerland) with a pixel size of 172x172 um2
was used as GISAXS detector and a custom-shaped LAMBDA 9M detector (Xspectrum, Ger-
many) with a pixel size of 55 pm in simultaneous GIWAXS geometry. The experiments were
performed using an incident angle of a; =0.4° and an X-ray wavelength of 1.05 A. The sample-
to-detector distance (SDD) was set to SDD = 3415 mm. For quantitative analysis, horizontal
line cuts were done at the Yoneda peak of PS-b-P4VP to obtain the average distance of the Ag
clusters on the structured polymer surface[3].

GISAXS experiments were performed to analyze the patterned surface. The GISAXS pattern of
the sample show a pseudo hexagonal arrangement of the PS-b-P4VP micellar film. Addition-
ally, it shows that the structural arrangement is homogeneous throughout the sample. In the
beginning dcMS and HiPIMS show during the growth of Ag on the PS-b-P4VP micellar film the
same average correlated distance in the regime § 4, = 0 nm until 0 44 geprs = 2.6 nm for dcMS
conditions and 6 a¢, r;prirs = 2.8 nm for HiPIMS conditions. Afterwards, reaching these amount
of deposited material, the structural peak of PS-b-P4VP is in superposition with the structural
peak of the Ag cluster. Thus, for a quantitative comparison of dcMS and HiPIMS 6 44 = 2 nm was
chosen as under both conditions the same correlated distance is observed. Particularly, in the
atomic force microscopy and field emission scanning electron microscopy images the size of the
Ag clusters growing on the PS-b-P4VP micelles are on the average larger than the Ag clusters
grown on the silicon substrate between the micelles [3].

Additionally, aqueous tests were performed to test a potential application of these structure
under aqueous conditions. In particular, a test was performed upon drying of a water droplet.
In case of PS-b-P4VP a partial structural degradation of can be observed upon drying of a
water droplet. Particularly, after drying of a water droplet, Agy.irs:PS-b-PAVP shows that
the structural integrity of the micellar pattern is preserved. Interestingly, the silver cluster
grown on top of the silicon wafer is being partially removed and agglomerates as larger silver
particles occur. In case of Agr;prars:PS-b-P4VP upon drying of a water droplet the sample was
preserved [3]. This shows the advantage of using HiPIMS for facile lithography patterning.

[1] M. Gensch, M. Schwartzkopf, W. Ohm, C. J. Brett, P. Pandit, S. Koyiloth Vayalil, L. Biefmann, L. P.
Kreuzer, ]. Drewes, O. Polonskyi, T. Strunskus, F. Faupel, A. Stierle, P. Miiller-Buschbaum, and S.
V. Roth, ACS Appl. Mater. Interfaces, 11, 29419 (2019)

[2] M. Gensch, M. Schwartzkopf, C. Brett, S. J. Schaper, N. Li, W. Chen, S. Liang, J. Drewes, O. Polon-
skyi, T. Strunskus, E. Faupel, P. Miiller-Buschbaum and S. V. Roth, ACS Appl. Mater. Interfaces, 13,
56663-56673 (2021)

[3] Y. Bulut, B. Sochor, C. Harder, K. Reck, J. Drewes, Z. Xu, X. Jiang, A. Meinhardt, A. Jeromin, M.
Kohantorabi, H. Noei, T. F. Keller, T. Strunskus, F. Faupel, P. Miiller-Buschbaum, and Stephan V.
Roth, Nanoscale, 15, 15768 (2023)
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5.2 Investigation of film morphology in hybrid ternary thin diblock-
copoymer/magnetic nanoparticle films by in situ GISAXS
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Diblock copolymers (DBCs) are polymers composed of two blocks, each with distinct prop-
erties. Amphiphilic block copolymers can undergo microphase separation when deposited
out of solution as thin films. By tuning the volume ratio of the two blocks in relation to one
another and the segregation strength of the copolymer, which is dependent on the block-block
interaction parameter (x) and the number of repeating units (N), it is possible to manipulate
and control the morphology of the resulting thin films. For diblock copolymers, spherical,
cylindrical, and lamellar nanostructures can be obtained [1]. Furthermore, the size of the
domains can be modulated by varying the molecular weight of the polymer block, with higher
molecular weights leading to an increase in domain size. This makes DBC thin films interesting
as scaffolds and templates for inorganic materials, such as nanoparticles (NPs) [2].

Binary DBC/NP thin films have gained much attention with research focused on controlling
the localization of the NPs into a specific polymer domain. This is typically accomplished
by decorating the NPs with ligands that are chemically similar to one block, thus driving the
localization of the nanoparticles into that block [3]. In this work, we focus on the synthesis
of ternary DBC/NP thin films containing two different types of NPs (DBC/NP1/NP2).
Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA), nickel oxide NPs (NiO) coated
with short PMMA-like ligands, and cobalt ferrite NPs (CoFe;O4) coated in oleic acid ligands
were chosen for the investigated system. Both types of NPs are ferrimagnetic. Thin films
with varying NP concentrations were printed from solution in a one-step slot-die coating
process. The morphology evolution of the hybrid magnetic thin films was monitored with
grazing-incidence small-angle X-ray scattering (GISAXS) during the drying process.

Figure 5.2: a) GISAXS images of as-printed, dry films. b) Fitted line cuts taken from the Yoneda
region of the thin films.
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Figure shows the GISAXS images from the investigated hybrid films: no NPs, 2 wt%
CoFey0y, and 2 wt% NiO with 2 wt% CoFe;O4. From the 2D GISAXS data, it is seen that the
pure DBC with no NPs shows a high correlated roughness with the substrate. In addition,
the typical polymer domain peak, correlating to the structure and form factor of the polymer
nanostructure, is observed. As CoFe;Oy is added, scattering at higher g, values becomes more
pronounced and can be described as a ‘wing’. This ‘'wing’ is even more evident in the ternary
hybrid film, corresponding to the increase in NPs and the scattering from NP agglomerates,
while the polymer nanostructure is maintained. Fitted line cuts taken from the Yoneda region
of the DBC thin films are shown in Figure , confirming the incorporation of the NPs into
the DBC. The extracted structural information does not show significant changes, suggesting
either the successful incorporation of the NPs into the polymer domains or, due to the large size
of the NPs (> 20 nm), the localization of the NPs to the surface of the thin film while the DBC
nanostructure underneath remains undisturbed.

Using a superconducting quantum interference device (SQUID) magnetometer, the functional-
ity and magnetic characteristics of the binary and ternary hybrid films are investigated. Figure
and Figure show the temperature-dependent magnetization curves for the binary and
the ternary composite. As expected, the saturation magnetization and remanence increase for
the ternary film when compared to the binary film. Interestingly, the magnetic hysteresis curves
of the ternary film show a unique "pinched’ shape at temperatures below 200 K. This behavior,
not observed in films containing only NiO NPs, indicates an interaction between the two types
of magnetic particles, leading to trapping of the magnetic domains and thus the unique hys-
teresis behavior. While localization of two types of NPs is challenging to control in a one-step
deposition technique, the magnetic properties of the ternary film highlight the potential for such
films to be used in magnetic sensing or magnetic storage applications.

a) 2 wt% CoFe,0, b) 2 wt% NiO + 2 wt% CoFe,0,
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Figure 5.3: Temperature-dependent magnetization curves of the a) binary composite containing
CoFe;O4 and the b) ternary composite containing both NiO and CoFe;Oy. The ternary compos-
ite hysteresis curve shows a unique "pinched’ shape at temperatures below 200 K.

[1] H. Hu, M. Gopinadhan, C. O. Osuji, Soft Matter 10, 3867-3889 (2014)
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M. Gallei, M. Schwartzkopf, S. V. Roth, P. Miiller-Buschbaum, ACS Appl. Mater. Interfaces 12, 7557-
7564 (2020)
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5.3 Biopolymer-templated deposition of hierarchical 3D-structured graphene ox-
ide/gold nanoparticle hybrids for surface-enhanced raman scattering
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Surface-enhanced Raman scattering (SERS) is a detection technology for non-destructive, rapid
detection of DNA, RNA, or single molecules[1]. Thus far, there are two main origins of SERS:
electromagnetic mechanism (EM) and chemical mechanism (CM). EM is derived from the
amplified electromagnetic field induced by localized surface plasmon resonance (LSPR) around
noble metal nanoparticles (NPs) triggered by incident light, thereby increasing the Raman
scattering cross section of nearby molecules. CM is closely related to charge transfer (CT)
between the substrate and molecules. It is believed that EM is the main contribution to SERS
[2]. Strong near-field coupling, i.e., hot spots, can occur between two metal NPs. By adjusting
the size, shape of the NPs or the distance between the NPs, the distribution of “hot spots” can
be tailored [3]. Also, the signal intensity of SERS can be improved by increasing the density of
"hot spots”. In our work, cellulose nanofibers (CNF) are used as a 3-dimensional (3D) template.
When combined with NPs, they form a 3D “hot spots” network, thus increasing the density of
"hot spots” [4].

In addition, CM-based two-dimensional (2D) materials for SERS offer some decisive advantages
over EM-based noble metals, such as low cost, high specificity,and superior biocompatibility.
Meanwhile, when a molecule is directly in contact with metal NPs, electrons are easily trans-
ferred between the NPs and molecule, but it is complex to extract the molecular Raman signal
due to the chemisorption between the molecule and metal NPs [3]. Hence, the introduction of
2D graphene oxide (GO) with unique single sheet of carbon atoms in a 2D honeycomb crystal
structure of constituting a large delocalized 7 bond is a good candidate for making good charge
transfer between the detected molecule and SERS substrate [5]. Compared to conventional
SERS substrates, the hybrid 3D structures comprising GO/ AuNPs would significantly enhance
the SERS sensitivity due to their synergistic effect of CM and EM.

Figure 5.4:
SEM images of CNF based substrates: (a) CNF/Au, (b) CNF/Au/GO,(c) CNF/GO/Au, and
(d) CNF+Au+GO mixture.

Herein, we present a straightforward approach utilizing the layer-by-layer (LBL) spray coating
method to fabricate CNF films loaded with gold nanoparticles (Au NPs) and GO to serve
as SERS substrates. As shown in Fig. SEM images of spray-deposited CNF based SERS
substrates were performed. In Fig[5.4|(a) Au NPs are directly sprayed on CNF substrate. Fig[5.4]
(b) shows GO sprayed on the template of Fig. (a), while in Fig. (c) first CNF, then GO,
then Au NPs were sprayed. In Fig. (d), the mixture of CNF, Au NPs and GO was directly
sprayed and resulted in the uniform loading of Au NPs. The high specific surface area of GO
provides many binding sites with Au NPs, which is beneficial to obtain a uniform and dense
distribution of “hot spots” over the entire substrate.
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Figure 5.5:

Electromagnetic field distributions simulated by finite difference time-domain (FDTD): (al)
X/Z plane (a2) X/Y plane of CNF/Au/GO, (b1) X/Z plane (b2) X/Y plane of CNF/GO/Au,
and (cl) X/Z plane (c2) X/Y plane of CNF+Au+GO mixture.

The distribution and intensity of electromagnetic “hot spots” on the surface of the CNF

film by FDTD near-field simulations were calculated. We simulated the electromagnetic field
distribution with the size value of Au NPs around 35 nm and the gap value of particles is 2 nm.
It can be seen from Fig. |5.5/that the intensities of the “hot spots” at the gaps of the Au NPs are
considerably stronger. The GO layers which distributed in the top (Fig. (al)) and middle
(Fig. (c1)) of Au NPs don’t provide obvious enhancement to the electromagnetic field due to
the weak interaction between single/few-layer GO and Au NPs, but they can prevent distortion
of Raman signals caused by direct metal-molecule interactions.
In future, we plan to use grazing incidence small-angle X-ray scattering (GISAXS) to reveal the
3D template structure in full detail. The intrinsic relationship between 3D CNF network, 3D
hybrid Au NPs/GO and SERS property will be established to provide a solid theoretical and
experimental basis for the preparation of high-performance SERS for diagnostics and health
applications.

[1] P.Si, N. Razmi, O. Solanki, C. Pandey, R. Gupta , B. Malhotra, M. Willander, A. Zerda, Nanoscale
Adv. 3,2679-2698 (2021)
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[4] Q. Chen, M. Betker, C. Harder, C. ]. Brett, M. Schwartzkopf, N. M. Ulrich, M. E. Toimil-Molares,
C. Trautmann, L. D. Soderberg, C.L. Weindl, V. Korstgens, P. Miiller-Buschbaum, M. Ma, S. V. Roth,
Adv. Funct. Mater. 32, 2108556 (2022)
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5.4 Correlating nanostructures and optical properties of cellulose-colloid films

C. Harder, A. E. Alexakis?, Y. Bulut!, S. Xiong!, B. Sochor!, K. Goordeyeva?,
A.Jeromin?, T. F. Keller!, L. D. Soderberg?, P. Miiller-Buschbaum, S. V. Roth!:2
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Tailoring the optoelectronic characteristics of thin films holds significant importance for var-
ious industrial applications, such as interference colors [1] or anti-counterfeiting [2]. In our
approach, we enhance the optical properties of thin cellulose films through the application of
core-shell polymer colloidal inks. Using a scalable layer-by-layer slot die coating method, we
fabricate thin films consisting of cellulose nanofibrils (CNF) and core-shell polymer colloids
yielding ultimately hybrid materials. The outcomes of this procedure offer potential applica-
tions in functional coatings and the printing of porous materials, enabling the tailoring of their
optical properties. This technique is particularly valuable in the development of structural inks
that replicate hierarchical nanostructures found in nature [1].

Intensity [arb. units]

N
(o}

Figure 5.6:
Two-dimensional (2D) GISAXS data of a spray coated a) and pristine slot-die coated CNF
layer b,c) with printing directing perpendicular (b)) and parallel (c)) to the print direction.[3]

The grazing incidence small-angle X-ray scattering (GISAXS) data b)& c) prove that
the pristine CNF films coated with slot-die coating are very homogeneous and smooth. The

strong resonant diffuse scattering which is very visible as fringes in q,, direction at ¢, = 0nm™1,

in contrast to the reference spray-coated CNF film a). The 2D GISAXS data in
ure 5.6k) shows a slightly larger extension of the Yoneda wing compared to [Figure 5.6p), indi-
cating a slightly higher orientation of the CNF in the printing direction.

The CNF layer establishes a 3D porous nanostructure capable of accommodating the infiltra-
tion and imbibition of small colloids [4-5], as illustrated in In this study, we broaden
our exploration to nanoporous substrates, employing CNF with surface charges of —1000%01 for
slot-die coating and spray coating, resulting in a layer thickness of 140 nm (Figure 5.6). The col-
loids [6], dispersed in aqueous solution with different glass transition temperature T,’s of ~74
°C and ~126 °C, and sizes of ~40 nm and ~80 nm diameter, infiltrate into the CNF void network
after water evaporation, where the CNF cavities are predominantly filled with small colloids of
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Figure 5.7:

The spectroscopic ellipsometry model for slot-die coated films: a) pristine CNF films, b)
deposited colloids on the CNF layer with a smaller size than CNF void structure, and c)
deposited colloids on the CNF layer with a larger size than CNF void structure. The smaller
colloids have the ability to penetrate the CNF layer, while the larger colloids do not show
imbibition.[3]

~40 nm. Subsequently, we annealed the multicomponent colloid-CNF hybrid layer, investi-
gating its structural dynamics during annealing using GISAXS. The incorporation of colloids
into the CNF template is observed by GISAXS, atomic force microscopy (AFM), spectroscopic
ellipsometry, and scanning electron microscope (SEM).

Spectroscopic ellipsometry reveals that the small colloids are capable of penetrating the CNF
layer, inducing a change in the refractive index of the pure CNF layer. The depth of penetration
of small colloids correlates with a gradient in the refractive index within the CNF layer of the
small colloidal system (Figure 5.7b). On the other hand, large colloids only form an upper layer
on top of the CNF without creating a gradient layer (Figure 5.7c). Throughout the annealing
process, shape changes in the colloids are observed. The depth-dependent refractive index of
colloids with a high T, remains unchanged during annealing. Conversely, for colloids with a
small Ty, the layer thickness of the colloidal layer in the CNF-colloidal system is reduced, and
the refractive index correlates with the agglomeration and integration of colloids into the CNF
layer. These findings offer insights for the improved and stable coating of nanoparticles on
porous materials.
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6 Materials for energy storage
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6.1 Operando scanning nanobeam studies of lithium metal batteries with polymer
electrolyte
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Lithium metal is regarded as the ideal battery anode owing to its high theoretical specific ca-
pacity of 3860 mAh g~!) which is approximately ten times higher compared to graphite (372
mAh g!). Furthermore, its high negative potential of -3.040 V vs. SHE enables high-voltage
batteries. However, in combination with conventional liquid electrolyte, the practical use is still
limited due to the formation of lithium dendrites. A decrease of coulombic efficiency and short
circuits as well as thermal runaways are possible consequences. To bypass these issues, poly-
mer electrolytes are regarded as a safe alternative to liquid electrolytes. Especially single-ion
conducting polymers, in which the anions are covalently bonded to the polymer matrix and
only the lithium cations are moving, are believed to suppress lithium dendrites.[1]

Most of the time, the cells for operando X-ray experiments are designed in a way, that all lay-
ers of the components are penetrated by the beam.[2] For instance, in modified coin cells with
kapton window or pouch cells, the beam travels through the cathode, electrolyte and anode and
thus every layer contributes to the final scattering data. In this work, we present two methods
to investigate only the polymer electrolyte in lithium metal batteries during operation. In the
first project, a free-standing single-ion conducting gel-type polymer electrolyte film composed
of poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) and poly((trifluoromethane)
sulfonimide lithium styrene) (PSTFSILi) swollen in a solution of ethylene carbonate (EC) and
propylene carbonate (PC) (1:1 v/v) is prepared and used in a special setup designed for grazing
incidence X-ray scattering (GIWAXS) experiments. The electrochemical cell consists of the poly-
mer, which is sandwiched between a copper and lithium electrode. A cyclic voltammogram is
recorded while simultaneously GIWAXS measurements are performed (Fig. [6.1a)). The corre-
sponding GIWAXS detector image is shown in Fig. ). A broad halo at ¢ = 1.5 A~!, which
originates from the PVDF-HFP polymer, is clearly visible. On top of that, the crystallites exhibit
a slight orientation with respect to the copper substrate.

Moehl et al. showed the feasibility of X-ray operando studies on the polymer electrolyte in a
capillary cell in transmission geometry with an in-house X-ray source.[3] Furthermore, Nian et
al. have utilized scanning nanofocus WAXS to study structure heterogeneities and moisture
degradation in perovskite films.[4] In this project, the ideas of the aforementioned projects are
merged and therefore, a custom built operando cell for X-ray transmission experiments, which
imitates the principle of a coin cell, is designed and successfully operated at the P03 nanofocus
end-station at DESY. Here, the gel-type polymer electrolyte, which performs in a conventional
symmetric coin cell for around 330 hours, is placed between two lithium metal electrodes and
scanned by the nanosized X-ray beam in a mesh grid pattern during lithium plating and strip-
ping (Fig )). Each row, defined as parallel to the stack, consisted of five measurement points
and each column was probed with sixteen points. With this setup, possible lithium crystal-
lization inside the polymer can be traced. In Fig[6.2h) the radial integrations of the scanning
nanobeam WAXS data of five