Annual Report 2024

Chair for Functional Materials
with the
Soft Matter Physics Group

Technical University of Munich
TUM School of Natural Sciences
Physics Department







ANNUAL REPORT 2024 CHAIR FOR FUNCTIONAL MATERIALS 1

Prof. Dr. Peter Miiller-Buschbaum
Chair for Functional Materials
muellerb@ph.tum.de
www.ph.nat.tum.de/functmat

Prof. Christine M. Papadakis, PhD
Soft Matter Physics Group
papadakis@tum.de
www.ph.nat.tum.de/softmatter

Technical University of Munich
TUM School of Natural Sciences
Physics Department
James-Franck-Str. 1

85748 Garching

Secretaries/ Administration:
Marion Waletzki: marion.waletzki@ph.tum.de
Sanja Ulrich: sanja.ulrich@tum.de

Tel.: +49(0)89 289-12452
Fax: +49(0)89 289-12473

Cover page picture:

The artwork on the cover illustrates the main research activities of the chair, i.e., the study
of functional soft matter in condensed films and in solution using light, X-ray and neutron
scattering methods to characterize the structure-function relationship of the material at the
nanoscale. "E13 & E59” are the internal administrative descriptions of the Chair for Functional
Materials and the Soft Matter Physics Group, respectively.

Editor: Dr. Julian Eliah Heger

Copyright:
Inquiries about copyright and reproduction etc. should be addressed to the authors.


https://www.ph.nat.tum.de/functmat/newsline/
https://www.ph.nat.tum.de/softmatter/physik-weicher-materie/




ANNUAL REPORT 2024 CHAIR FOR FUNCTIONAL MATERIALS 3

Preface

It is a great pleasure to present the annual report for the year 2024 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 its nanostructure, molecular dynamics and kinetics.

In 2024, 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 2024, we had many guests visiting us in Garching and presenting their research
work. We also traveled to numerous conferences and workshops, both in Germany and abroad,
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 in
the Bavarian Collaborative Research Project “Solar Technologies go Hybrid” (SolTec) headed by
Prof. Miiller-Buschbaum was running in its twelfth 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, thermo-
electric materials and energy storage materials with a focus on lithium-ion battery technology
were investigated. In addition, we investigated novel self-assembling responsive polymers,
also under high pressure, orthogonally switchable polymers, and polymeric hydrogels for
medical applications such as 3D bioprinting for tissue engineering.

The in-house experiments available in the laboratories of the chair were supplemented by many
activities at large-scale facilities, comprising synchrotron radiation and neutron scattering exper-
iments. Also, the in-house x-ray scattering experiments for SAXS/WAXS/GISAXS/GIWAXS
as well as XRR/XRD, were heavily booked.

In 2024, the Chair for Functional Materials and the Soft Matter Physics Group comprised
1 professor emeritus, 1 visiting professor, 1 PostDoc, 5 fellows, 59 PhD students, 31 master
students, 29 bachelor students, 1 student assistant, and 5 administrative and technical staff
members. 10 PhD theses were accomplished; moreover, 20 master theses as well as 21 bachelor
theses were finished. We were happy to have hosted 7 guests.

Also, in 2024, we held our internal summer school. It took place in the TUM Science & Study
Center Raitenhaslach, the former Cistercian monastery near Burghausen, and was dedicated
to selected experimental techniques relevant to the group. The excursion to Konigssee was
definitely a highlight of the event. With the MLZ-organized conference “Machine Learn-
ing Conference for X-Ray and Neutron-Based Experiments” in the Biirgerhaus Garching, a
follow-up of the workshop at Lawrence Berkeley National Laboratory, took place in April 2024.
Perhaps the most exciting event was the “Sino-German Workshop Exploration of Structure and
Morphology in Polymers by Advanced Scattering Techniques (ExpAdvScaTech)” in Hangzhou,
China, in October 2024, which we co-organized with Qi Zhong from Zhejiang Sci-tech Univer-
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sity. Another highlight was the eighth 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.

Regarding teaching activities of the chair, we offered the lectures “Materials science” (Pa-
padakis). Special lectures comprised “Polymer physics” (Papadakis), “Nanostructured soft
materials” (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 serving in the “TUM Sustainability Board”. Moreover,
Prof. Miiller-Buschbaum headed the activities in the “Network Renewable Energies (NRG)” in the
MEP. As a service to the community, Prof. Miiller-Buschbaum served as Deputy 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 2025.

Peter Miiller-Buschbaum and Christine M. Papadakis April 2025



ANNUAL REPORT 2024 CHAIR FOR FUNCTIONAL MATERIALS 5
Contents
(1  Polymer solutions and gels| 9
(1.1 Thermoresponsivity in poly(N-isopropylmethacrylamide) in neat water and in |
[ water/methanol mixtures| . . . .. ... ... L 0 L Lo 10
(1.2 PNIPAM mesoglobules in dependence on pressure{. . . . . ... ... ....... 12
[1.3  Star-like Molecular Brushes with Poly(2-oxazoline)-based Amphiphilic Diblock |
I Side Armsl . . . ... 14
(1.4  Self-assembly of thermo- and pH-responsive amphiphilic triblock terpolymers| . 16
[1.5 Photoswitching of thermoresponsive poly(N,N-dimethylacrylamide) containing |
| amino acid-modified azobenzene side groups|. . . . . . . ... ... ... L. 18
2 Responsive thin films| 21
[2.1  Morphologies in thin films of charged pentablock terpolymers during solvent va- |
| porannealing| . . ... ... ... ... L L 22
[2.2  Azobenzene: impact on swelling in thermoresponsive polymer films under UV |
[ irradiationl . . . . . ... 24
[2.3  Study of the swelling behavior of poly(N-vinylisobutyramide): a strutural Isomer |
| of poly(N-isopropylacrylamide)[. . . . .. ... ........ .. .. ..... ... 26
[24  Salt-mediated tuning of the swelling degree of PNIPMAM thin films| . . . . . . . 28
B Functional thin flms 31
[3.1 Influence of salt addition on the ionic conductivity, hydration behavior, and struc- |
| ture of poly(sulfobetaine) hydrogels for electrolyte applications| . . . . . ... .. 32
[3.2  Water-uptake in Zn-loaded polysaccharide films| . . . . . .. ... ... ... ... 34
[3.3 Towards latex film formation investigated via GISAXS . .. ... ... ... ... 36
4__Photovoltaics| 39
4.1 Influence of solid state ligand exchange on perovskite nanocrystals| . . . . . . .. 40
4.2 Pre-aggregation engineering for morphology optimization in organic solar cells| . 42
4.3 CsPbBrs nanocrystal seeds tor improved perovskite thin film morphology| . . . . 44
4.4 Revealing the effect of solvent vapor annealing on the morphology of non- |
| fullerene organicsolarcells) . ... ... ... ... ... ... .. .. ... .. .. 46
4.5 Facet-dependent photovoltaic efficiency and stability variations in mixed Sn-Pb |
| perovskitesolarcells| . . ... ... ... ... oo o oo 48
4.6 Gas quenching under ambient conditions for efficient and stable perovskite solar |
| cells with surface passivation| . . . .. ... ... ... . ... ... . ... ... 50
4.7 Homogeneous FACsPbl; for efficient and stable perovskite solar cells prepared |
| via a two-step depositionmethod|. . . . . ... ... o oo oo oL 52
4.8 Temperature-dependent Thermal Behavior of BIP-4F-12 based Organic Solar Cells| 54
4.9 Investigation of wide-bandgap inverted perovskite solarcells| . . .. ... .. .. 56
{4.10 Perovskite solar cell temperature dependence under space-like conditions| . . . . 58
{4.11 Novel Thin-Film Solar Cells on a Rocked Flight{. . . . .. ... .. ... .. .... 60
.12 p-i-n-type perovskite solar cell for space applications| . . . ... ... ... ... .. 62
{4.13 Revealing the solvent effect on the morphology in printed organic solar cells|. . . 64
{4.14 p-type PbS quantum dot ink realization via modulated solvation| . . ... .. .. 66
{4.15 Ternary organic solar cells for space application| . . . . ... ... ... .. .... 68




6 CHAIR FOR FUNCTIONAL MATERIALS ANNUAL REPORT 2024

[5 Polymer-hybrid systems| 71
.1 Biopolymer-templated deposition of hierarchical 3D-structured graphene ox- |
| ide/gold nanoparticle hybrids for surface-enhanced Raman scattering| . . . . . . 72
[p.2  Mesoporous zinc titanate films fabricated via adjusting the ratio of TTIP and ZAD |
| PIECUISOIS| . . o v v v i et e e 74
.3 Emergence of hyperuniformity in 2D mesoporous structure directed by block- |
| copolymer assemblies| . . ... ... .. ... .. . o oo oo 76
[6  Materials for energy storage| 79
[6.1 Observation of local crystallization in the polymer electrolyte for lithium metal |
| batteries by operando nano-focus WAXS. . . . . ... ... ... ... ... ..., 80
[6.2  In-situ WAXS observation of 3D electrodeposition of porous Cu in lithium-metal |
[ batteriesl . . . . . . . ... 82
[6.3 Structural characterization of lithium chlorides LisMClg|. . . . . . ... ... ... 84
[6.4 Impact of silicon additives on the lithiation of graphite in commercial battery |
| anodes during electrochemical cycling| . . . . .. ................. .. 86
[6.5  Unveiling the Li/electrolyte interface behavior for dendrite-free lithium batteries |
| by operando nano-focus WAXS| . . . . . .. ... o 88
[6.6 Anode-free lithium-metal batteries with polymer-coated electrodes for future bat- |
[ tery applications|. . . . .. ... oo 90
6.7 Current tab influence on performance of 26650-type LFP lithium-ion batteries . . 92
6.8 Complementary neutron and X-ray measurements on the lithiation mechanism |
[ of LiAlelectrodes| . . . . ... ... ... .. 94

[6.9 Understanding of sodium ditfusion pathways in NASICON solid-state electrolytes| 96
[6.10 Analysis of LiCoO; surface components after cycling in the electrode with PIM-1 |

[ additives| . . . . ... 98
[6.11 Multi-localized-high-concentration lithium-ion electrolytes improve the interface |

| of electrode/electrolyte|. . . . . .. ... ... . oo oo 100
6.12 Temperature-resolved crystal structure of ethylene carbonate|. . . . . . . ... .. 102
6.13 A small amount of sodium difluoro(oxalate)borate additive induces anion- |

| derived interphases for sodium-ion batteries| . . . . ... ... ... ... ... .. 104
[6.14 Stabilizing LiNip 5Cop 2Mng 30, at 4.6 V and boosting its capacity via ultra-thin |

| AL, Oz layers| . . . . . . . 106
[6.15 Operando study on structure-activity relationship between electrolyte compo- |

| nents and electrochemical performance for all-solid-state lithium battery| . . . . . 108
6.16 Polymer of intrinsic microporosity as the silicon-based anode electrode additive] 110
6.17 Fabrication and application of PEO-based electrolytes for Li-S batteries . . . . . . 112
6.18 Insight into the cyclability of LiF-coated LiNig.9Co.05Mng.0502 cathodes in |
ide- -solid- eS| . . . 114

[6.19 Exploration of binding energies in solvents with varying dielectric constants|. . . 116
[6.20 Advanced polymer-based solid-state electrolytes for high-performance lithium |

= 118

[6.21 Anchoring and competition: weakly solvated structure of glymes enhance stabil- |

| ity in lithium metal batteries operating under extreme conditions| . . . . . . . .. 120
7 Real-time characterization 123
[7.1 Investigating Au Deposition with HiPIMS and DcMS on PS, PAVP and PSS . . . 124

[7.2 Kinetics of structure and interface formation induced by photo-polymerization |
| for submicron additive manufacturing| . . . . ... ... Lo o o Lo 126




ANNUAL REPORT 2024 CHAIR FOR FUNCTIONAL MATERIALS 7

[7.3  Ternary hybrid thin films containing mixed magnetic nanoparticles investigatzed |

investigated by in situ GISAXS| . . . .. ... ... ... .. L L oL L 128

[74 Influence of humidity-induced morphology changes of beta-lactoglobulin tem- |
lated titania hybrid thin films on the Seebeck coefficient|. . . . . . ... ... .. 130

[7.5  Tracking degradation of non-fullerene organic solar cells under dynamic environ- |

[ mental conditions| . . . . . ... L 132
[7.6  Thermal cycling of printed organicsolarcells| . . . . .............. ... 134
[7.7 Tn-situ observation of quasi-2D wide-bandgap perovskites under light and rapid |
thermalcyclingl . . ... ... ... ... oo 136

[7.8° Morphological evolution of organic film formation during spray deposition| . . . 138

[8 Development of instrumentation and software| 141
[8.1  Machine learning-supported analysis of time-resolved 2D GISAXS data reveals |

| the film formation of nanostructured titania during spray deposition| . . . . . . . 142
[8.2" Space VALIdation of Improved Novel solar cells (SVAL*IN) — progressing the |

| development of thin film solar cellsinspace]. . . . . ... ... ........ ... 144
[9 Teaching and outreach| 146
0.1 Tectures, seminarsand labcourses . . . . . . .. ... ... ... 146
9.2 Conferences and publicoutreach| . . . .. ... ... ... ... ... .. ... 148

9.3 Service to thecommunity| . . ... ... ... ... ... ... .. 0 L. 154

(10 Publications, talks, posters, and funding] 156
[10.1 Publications| . . . . . ... ... .. 156
MO2TaIks . . o oo oo 168
MO3 Postersl . . . . . . o 175
04 Tnvited Tall T Tosti Functional Materal j l

| Soft Matter Physics Group| . . . . . ... ... ... ... L oo 183
[[05 Funding] . ... ... ... ... .. .. ... ... 184
A1 The Chaid 186
MLTStaffl . . . ..o 186
D12 Guestsd . . . . .o 189







ANNUAL REPORT 2024 CHAIR FOR FUNCTIONAL MATERIALS

1 Polymer solutions and gels
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1.1 Thermoresponsivity in poly(N-isopropylmethacrylamide) in neat water and in
water/methanol mixtures

C.-H. Ko, P. Wastian, D. Schanzenbach!, P. Miiller-Buschbaum, A. Laschewskyl’z,
C. M. Papadakis

L Universitit Potsdam, Germany
2 Fraunhofer IAP, Potsdam-Golm, Germany

Thermoresponsive polymers with lower critical solution temperature (LCST) behavior in aque-
ous solution have been proposed, among others, for sensor and switching applications. In spite
of the fact that these applications require specific switching behavior, most fundamental inves-
tigations have focused on poly(N-isopropyl acrylamide) (PNIPAM). The polymer under study
here, poly(N-isopropyl methacrylamide) (PNIPMAM), is very similar to PNIPAM, except that
it features an additional a-methyl group on the backbone (inset of Figure [I.1p). In aqueous
solution, it is thermoresponsive with LCST behavior, but its cloud point temperature T, is
unexpectedly higher than the one of PNIPAM. This shift was explained by differences in the
hydration behavior and to steric hindrances. In our previous studies [1], we found that, in
the one-phase state, the chain conformation of PNIPMAM is more compact than the one of PNI-
PAM. Moreover, large-scale inhomogeneities due to physical crosslinks were detected already in
the one-phase state, even at very low polymer concentrations. Hence, the effect of the a-methyl
group on the behavior of PNIPMAM in aqueous solution is complex and deserves further inves-
tigation. In the present study, we focus on the effect of the cosolvent methanol. We map out the
phase diagram and use dynamic light scattering (DLS) to investigate the collective dynamics of
PNIPMAM in water /methanol mixtures. These reflect the chain conformation and are sensitive
to the presence of aggregates.

—_
(=)
—
[a7]
=1

(@)

Figure 1.1:
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In detail, a PNIPMAM homopolymer with a molar mass of 17 kg mol~! was investigated. As
solvents, heavy water (D>O) and fully deuterated methanol (CD30D) were used at methanol
volume fractions ®,,, = 0 — 0.7. 30 g L™! solutions were prepared by adding the solvent mix-
ture to the pre-weighed polymer, shaking at room temperature and filtering. The T;,-values
in dependence on ®,, were determined by turbidimetry and differential scanning calorimetry
(DSC). DLS was carried out using an instrument from ALV (Langen, Germany), a HeNe laser
having a power of 35 mW and a wave length A = 632.8 nm, and a goniometer. The solutions
were filled into cylindrical cuvettes, that were mounted in a thermostated index-matching vat.
Temperature-dependent measurements were carried out at a scattering angle § = 90 °C between
room temperature and the respective cloud point. At each temperature, 10 measurements hav-
ing a duration of 30 s were carried out after careful thermal equilibration. The resulting intensity
autocorrelation functions G(t) were analyzed using the REPES algorithm, which calculates the
distribution functions of relaxation times 7, A(7).
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The phase diagram shows overall the expected behavior (Figure [I.1Ip): T, decreases from 45
°C in neat D;O to 29 °C at ®,, = 0.5 and increases strongly above. Figure[1.2|shows intensity
autocorrelation functions and the corresponding distribution functions for ®,, = 0 and 0.5 at
different temperatures in the one-phase region. The latter feature two peaks for all samples,
reflecting a fast and a slow process. The amplitude of the slow mode decreases strongly with
increasing ®,,. This decrease indicates that the solutions become more homogeneous at large
length scales, as the methanol content is increased, and/or that the large clusters contain more
solvent, and hence, contribute less to the overall scattering.

" 20°C |

1.0 e + 25°CH 1.0+
= 35°C s 24°C
0.8+ 40°C 0.8+ 26 °C
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Figure 1.2:

Representative intensity autocorre-
. T o lation functions G(t) — 1 from DLS

43240123 4 -3-2-101 23 (top) and the corresponding distri-

log(?), ms. log(®), me bution functions 7A(7) (bottom) for

c) &Jméo ‘ ' d) li;m =05 ‘ ®,, = 0 (left) and 0.5 (right) at
the temperatures indicated in the
43°C graphs, measured at § = 90 °C. The

42 °C distribution functions are shifted
vertically.

30°C

28°C
40 °C

)\ oy 4
3o/ \ S 24°C_Jp\_

25°C 20°C

4 & B a D 1 2 4 4 324064 2 8
log(t), ms log(t), ms

T A1)
T A(T)

The temperature dependencies of the overall intensities are shown for all ®,,-values in Fig-
ure . They follow scaling behavior I(T") o« (T, —T')~", where T is the absolute temperature
and T the critical temperature, as evident from the goodness of the fits. However, the scaling ex-
ponent v shows peculiar behavior: It decreases abruptly from 0.38 at ®,, = 0to 0.14 at ¢,,, = 0.1,
then increases steadily to 0.39 at ®,,, = 0.5 Figure[I.3pb. The reason for this non-monotonous be-
havior is at present unclear. In the entire range, the values are far below the value predicted
by mean-field theory (y = 1). The behavior of PNIPMAM in water/methanol mixtures is thus
significantly more complex than predicted by mean-field theory.

(b) os
Figure 1.3:

3-04+ * (a) Scattered intensities in depen-
8 { dence on temperature for the ®,,-
8 ® values given (symbols). The lines
i 02 . are fits of scaling laws. (b) Resulting
. scaling exponents v in dependence
, , ‘ 00 . ‘ on the volume fraction of methanol,

20 30 40 0.0 01 02 03 04 05 056 >,

Temperature (°C) Volume fraction of methanol, ¢,

[1] C.-H. Ko, C. M. Papadakis et al., Macromolecules 53, 6816-6827 (2020)
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1.2 PNIPAM mesoglobules in dependence on pressure
B.-J. Niebuur, A. Schulte!, C. M. Papadakis

1 University of Central Florida, Orlando, U.S.A.

Thermo-responsive polymers are important from a fundamental perspective as well as for ap-
plications, such as sensors and switches. While they are water-soluble below the cloud point
temperature T¢;, , they are water-insoluble above and undergo a coil-to-globule transition. For
the thermo-responsive model system poly(N-isopropylacrylamide) (PNIPAM) in aqueous solu-
tion, the collapsed and water-insoluble polymers form aggregates, which are long-lived and of
mesoscopic size; hence, they are commonly named “mesoglobules”. Pressure has a significant
effect on T¢,: The coexistence line of aqueous solutions of PNIPAM in the temperature-pressure
frame has the shape of an ellipse, i.e., T, increases with pressure by a few degrees, before it de-
creases again. Inside the ellipse, i.e., at low temperatures and pressures, resides the one-phase
state, while the solution is in the two-phase state outside [1]. The size and water content of the
PNIPAM mesoglobules depend strongly on pressure: Whereas heating the PNIPAM solution to
the two-phase state at atmospheric pressure results in small and compact mesoglobules having
a radius of about 0.5 um, large, water-rich aggregates with sizes of 1-2 ym are formed around
100 MPa [2]. We refer to these distinct states as the low- (LP) and the high-pressure (HP) regime.
Here, we address the nature of the transition from small and compact mesoglobules to larger,
water-rich aggregates and back [3]. We carried out small-angle scattering studies of the size
and water-content of the mesoglobules formed in a semidilute aqueous solution of PNIPAM
in dependence on pressure in the two-phase region, i.e., at temperatures above the coexistence
line. At this, we performed isothermal pressure scans between 10 and 110 MPa, i.e., from the LP
to the HP regime and back.

In detail, PNIPAM with a molar mass M,, = 36000 g/mol was dissolved at a concentration of
3 wt% in an 80:20 v/v mixture of D,O and H,O. Very small-angle neutron scattering (VSANS)
measurements were performed at the instrument KWS-3 at the Heinz Maier-Leibnitz Zentrum
(MLZ), Garching, Germany. The sample was mounted in a temperature-controlled custom-
made pressure cell, where it was placed between sapphire windows and had a thickness of
1 mm. The structures of the mesoglobules were characterized in isothermal pressure scans
above the coexistence line: After heating the sample at 10 MPa from 20 °C to 35.4, 36.2 or
37.0 °C, pressure scans were carried out at these temperatures from 10 to 110 MPa and back.
The background-corrected and normalized scattering profiles were modeled using one or two
Beaucage form factors, which give the radius of gyration R, of the mesoglobules. The invariant
Q* was calculated as well, which is indicative of the water content.

Figure[I.4p and b displays representative scattering curves. At 10 MPa, a shoulder is discernible.
With increasing pressure, the overall intensity decreases, which points to an increased hydration
of the mesoglobules. Between 40 and 50 MPa, the shoulder abruptly moves to lower values of
the momentum transfer (Figure ). Thus, a transition from small and compact mesoglobules
having a size of a few 100 nm to large aggregates having a size in the micrometer range is
observed. When pressure is decreased again, the transition is observed as well, but it is not as
pronounced, and the original shape is not fully recovered (Figure[IL.4p).

As obtained from fitting a Beaucage form factor, R, increases abruptly from 0.24 ;m at 40 MPa
to 0.78 um at 50 MPa and continues to increase strongly, i.e., there is a transition at 45 MPa
(Figure [L.4k). The invariant Q* decreases discontinuously at 45 MPa (Figure [1.4d). Thus, at
the transition pressure of 45 MPa, the mesoglobules grow abruptly and take up water, which
we assign to the coalescence of the mesoglobules. When pressure is decreased again, the large
aggregates persist down to the lowest pressure. However, at 40 MPa and below, an additional
small structure is discerned, in the range of 0.4-0.6 ;zm. These values are similar to the ones of the
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initial mesoglobules. The invariant Q* follows the trend of the pressure increase, but does not
recover the initial value. We conclude that, during the pressure increase, the mesoglobules take
up water, and at 45 MPa, their water content is sufficiently high to enable coalescence, which
results in large water-rich aggregates at higher pressures. On the way back, these large aggre-
gates shrink, and small, compact structures are formed again, but they cannot fully separate
from each other.

The transition pressures between the compact mesoglobules at low pressures and swollen large
aggregates at high pressures, as obtained from the three scans, lie on a tilted line (Figure [T.4g).
While the transition between mesoglobules and aggregates is continuous at the highest temper-
ature and mainly due to swelling, it becomes more and more abrupt as temperature is decreased,
and here, coalescence dominates [3]. We attribute this difference to the higher degree of hydra-
tion and the resulting enhanced chain mobility at the lower temperatures, enabling coalescence.
The transition is, however, not completely reversible, because the compact mesoglobules cannot
fully separate from each other. These findings may be of importance for the disintegration of
microplastics and of polymeric nanoparticles used for drug delivery.

[1] C. M. Papadakis, B.-J. Niebuur, A. Schulte, Langmuir 40, 1-20 (2024)
[2] B.-J. Niebuur, A. Schulte, C. M. Papadakis et al., ACS Macro Lett. 6, 1180-1185 (2017)
[3] B.-J. Niebuur, A. Schulte, C. M. Papadakis et al., Langmuir 40, 22314-22323 (2024)
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1.3 Star-like Molecular Brushes with Poly(2-oxazoline)-based Amphiphilic Di-
block Side Arms

W. Xu, L. Fietzke!, D. Soloviov?, R. Jordan!, C. M. Papadakis

1 TU Dresden, Dresden, Germany
2 EMBL at DESY, Hamburg, Germany

Poly(2-oxazoline)s (POx) are a class of biocompatible polymers that have gained significant at-
tention in recent years due to their versatile properties and various potential applications in
biomedicine. Various POx-based molecular brushes have been investigated, focusing on the
overall brush conformation [1, 2]. In the current study, we investigate the structure and the
behavior of aqueous solutions of molecular brushes, in which diblock copolymers from hy-
drophilic methyl(2-oxazoline) (MeOx) and hydrophobic n-butyl(2-oxazoline) (BuOx) are grafted
onto star-shaped poly(methyl methacrylate) (PMMA) backbones. The functionality of the
PMMA backbone ranges from 2 to 5 (Fig. [6.25).
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Figure 1.5: Structures of the star-shaped molecular brushes

To investigate the hydrodynamic radii of the molecular brushes using dynamic light scattering
(DLS), they were dissolved at a concentration of 10 g/L in water. Scattering experiments were
carried out with a LS Spectrometer (LS Instruments) equipped with a 660 nm laser. Samples
were measured at room temperature (20 °C). To probe the chain conformation of the molecular
brushes in detail, synchrotron small-angle X-ray scattering (SAXS) was performed at beamline
P12, EMBL, DESY, also at 20 °C on the identical solutions.

Fig. (a) shows the intensity autocorrelation functions from DLS. While the autocorrelation
function for Star-3 is a single decay, an additional slow decay is observed for the other samples.
It is attributed to the large particles in the solution, which coexist with the small particles. Fig.
(b) shows the distribution of the hydrodynamic radii of the particles in the solution. First,
a sharp peak at around 8 nm hydrodynamic radius can be seen for all samples. Exclusively for
Star-2, Star-4 and Star-5, there exists a second peak which refers to particles of a size of a few
hundreds nanometers. We assign these to the individual brushes and the aggregates formed by
individual brushes. DLS indicates that only small amount of aggregates exist in the aqueous
solution of Star-3.

Fig. (c) shows the SAXS intensities of the molecular brushes. Except for Star-3, strong scat-
tering signals are found in the low g-value region of the curve, i.e., forward scattering. Apart
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Figure 1.6:

(a) Autocorrelation functions of the molecular brushes from DLS. (b) Distributions of the
hydrodynamic radii. (c) SAXS intensities of the molecular brushes, from bottom to top, the
curves are offset by 20, 200 and 2000. Black solid lines represent the model fits. (d) Pair
distribution functions derived from SAXS intensities.

from that, the shapes of the curves are very similar in the medium to high g-value region, featur-
ing first a plateau and then a decay. The forward scattering signals, which exist only in Star-2,
4, 5, are due to the presence of aggregates, which is in agreement with DLS. The medium to
high g-value parts of the curves, which are largely identical, comprise the shape information of
individual brushes. Therefore, all the brushes have a very similar shape, which is demonstrated
by model fits: the intensity curves are accurately reproduced using homogeneous ellipsoid form
factor models with comparable size parameters. Fig. (d) are the pair distribution functions
p(r). They generally feature a slightly asymmetrical peak centered around 8 nm, whereas the
positions of the right edge range from 15 nm to 30 nm. The main peak, which is attributed to
the distance distributions within the individual molecular brushes, is the same for all samples,
which supports the idea that all brushes have the same shape in solution. The difference in the
flanks may be due to the different degrees of elongation of the ellipsoids and the interference of
the aggregates. We conclude that all star-shaped molecular brushes are ellipsoids with a hydro-
dynamic radius of around 8 nm in their aqueous solutions. The number of backbone arms does
not strongly affect the conformation of the brush but may have an impact on their tendency to
form aggregates.

[1] J. -J. Kang, C. M. Papadakis et al., Langmuir 38, 5226-5236 (2022)
[2] J.-]. Kang, C. M. Papadakis et al., Colloid Polym. Sci. 299, 193-203 (2021)
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1.4 Self-assembly of thermo- and pH-responsive amphiphilic triblock terpolymers
F. Zheng, C. Jeffries! L. Wang?, T. K. Georgiou?, C. M. Papadakis

! EMBL, Hamburg, Germany
2 Imperial College, London, UK

Amphiphilic block copolymers self-assemble into micelles of different shapes in aqueous
solution and form hydrogels if the polymer concentration is sufficiently high [1]. While the
micellization of diblock copolymers with permanently hydrophilic and hydrophobic blocks
has been extensively studied, less is known about the micelle and gel formation of triblock
terpolymers with pH- and thermoresponsive blocks. The use of functional segments in block
copolymers increases the tunability of the nanostructures even further. Triblock terpolymers
with a hydrophobic block (A) and two thermo- and pH-responsive blocks (B and C) form
micelles whose self-assembly and hydrogel structures can be expected to depend strongly on
pH and temperature values.

Here, the effect of temperature and pH values on the self-assembly of the dual respon-
sive terpolymer featuring three different blocks is addressed. This consists of the hy-
drophobic poly(methyl methacrylate) (PMMA, A), the pH- and thermoresponsive poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA, B) with a pK, of 7.6, and the pH- and
thermoresponsive poly(/N-(2-methacryloyloxyethyl)pyrrolidone) (PNMEP, C) with a pK, of
5.2, a hitherto uninvestigated type of block. More specifically, a PMMA3;-b-PDMAEMA 32-b-
PNMEP; g (ABC) triblock terpolymer was synthesized by RAFT polymerization. Both B and
C blocks exhibit LCST behavior in aqueous solution, i.e., they become water-insoluble when
heated through their cloud point (CP). Moreover, a change in pH influences the degree of ion-
ization of the basic groups of the B and C blocks, which leads to an extension of the blocks by
ionic interactions and hence the change of solubility in solution.
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Figure 1.7:

SAXS curves of 1 wt% solution of ABC in H,O with increasing temperatures at pH values of
(a) 4, (b) 6, and (c) 8. Solid black lines are the best model fits. The curves are shifted vertically
for better visibility.

To gain insight about the shape and size of micelles, an ABC triblock terpolymer was in-
vestigated in a 1 wt% solution in HyO by small-angle X-ray scattering (SAXS) at beamline
P12 at EMBL. The polymer solutions at pH 8, i.e., above the pK, of both responsive blocks;
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at pH 6, which is below the pK, of PDMAEMA; and at pH 4, below the pK, of PNMEP,
were measured from 25 to 55 °C in steps of 3 °C. The X-ray wavelength was 0.12 nm. The
sample-detector-distance of 3 m was used to cover the ¢ range of 0.03-7 nm™'.

The obtained SAXS curves are shown in Figure The SAXS curves from pH 4 and pH 6
show similar shapes and vary weakly with temperature, featuring a plateau at low ¢ value and
exhibiting shoulders at ¢ = 0.2-0.3 nm™!, which are attributed to form factor scattering from
single micelles. The scattering curves from ABC at pH 8 exhibit more rounded shoulders at ¢ =
0.2 nm! compared to the ones from lower pH values. At 43 °C and above, the curves show an
increase in forward scattering in the low ¢ region, indicating the presence of clusters.

From the fitting results, we propose the self-assembled solution structures schematically shown
in Figure At pH 4 and pH 6, spherical core-shell micelles are formed at both pH values,
featuring the hydrophobic A block as the core and the B and C blocks as the shell. Strong
stretching and electrostatic repulsion of the chains prevent aggregation of micelles, leading to
extended chain conformation and increased solubility. Even when the temperature is above
CPpnmep, ABC shows no size or shape change at both pH values. At pH 8 , both B and C
blocks are uncharged and flexible. The B block shows a CP at ~ 43 °C while the C block is fully
hydrophilic. ABC self-assembles into cylindrical micelles at 25 °C. The cylinder length becomes
shorter with increasing temperature, while the cross-sectional radius stays constant. At 43 °C,
the thermoresponsive PDMAEMA block becomes more hydrophobic, leading to the formation
of aggregates of spherical micelles.

PNMEP pK, pPKa PDMAEMA

[e)]
o

Figure 1.8:

Schematic drawing of the proposed
most prominent self-assembled
structures of ABC in aqueous so-
lution at different pH values. The
green and blue solid lines represent
the CPs of PNMEP and PDMAEMA,
respectively. Red, blue, green colors
<A denote the PMMA, PDMAEMA,
and PNMEP blocks, respectively.
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In summary, the synchrotron SAXS measurements on solutions of pH- and thermoresponsive
triblock terpolymers elucidate the effect of charges and temperature on the self-assembly of mi-
celles. When the pH value is lower than pK, of either of the responsive blocks, the micellar
structure shows only a weak temperature dependence, where charges hinder the coil-to-globule
transition even when the temperature is above the CP. When the pH is above both pK, values,
flexible and uncharged chains allow a cylinder-to-sphere shape change of micelles with increas-
ing temperature. Thus, the self-assembly behavior of the block copolymer in aqueous solution
is largely governed by the water solubilities and the charge states of the blocks.

[1] A.P. Constantinou, B. Zhan, T. K. Georgiou, Macromolecules 54, 1943-1960 (2021)
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1.5 Photoswitching of thermoresponsive poly(N,N-dimethylacrylamide) contain-
ing amino acid-modified azobenzene side groups

P. Zhang, R. Steinbrecher!, Feifei Zheng, Wenqi Xu, David Kohsbahn, C. M. Jeffries?,
A. Laschewsky!3, P. Miiller-Buschbaum, C. M. Papadakis

1 University of Potsdam, Potsdam-Golm, Germany
2 European Molecular Biology Laboratory, DESY, Hamburg, Germany
3 Fraunhofer IAP, Potsdam-Golm, Germany

Endowing thermoresponsive polymers with additional photoresponsivity is of interest for
applications such as drug delivery, owing to the non-invasive nature of these stimuli. The
lower critical solution temperature (LCST) behavior in aqueous solution, characterized by
a coil-to-globule transition at the cloud point (CP), can be fine-tuned by incorporating pho-
toswitches. Among these, azobenzene (AB) is the most widely used due to its pronounced
trans-cis isomerization without side reactions. However, due to the weak change of its dipole
moment, its influence on the CP is only small [1]. To address this, we introduced amino acids as
linkers between the thermoresponsive polymer backbone and the AB, aiming to enhance this
photoresponse effect. In this context, beta-alanine (8-Ala) was used as the linker to connect AB
to the thermoresponsive poly(N,N-dimethylacrylamide) (PDMA). Here, we present results on
a PDMA random copolymer, in which 11.8% of the repeating groups carry an AB group linked
by 3-Ala (Fig. [[.9a). The conversion from the trans- to the cis-state was achieved by irradiating
with a 365 nm UV LED light (Fig. [1.9).

N 270 nm a) Structural formula of PDMA-3Ala;q g,
@ "\ @ b) trans-cis isomerization of the AB group.

trans cis

a) b)
@% Ne, /© 365 nm Figure 1.9:
oy O N Tom
(e} N
H

To determine the temperature dependences on the hydrodynamic radii (R;) and CPs of PDMA-
BAlay g9, dynamic light scattering (DLS) was performed. To investigate the inner structure
of it, synchrotron small-angle X-ray scattering (SAXS) were conducted at beamline P12, DESY.
The wavelength used was 0.124 nm, and the sample-detector distance was 3.0 m.

First, the intensity autocorrelation functions G,-1 obtained from DLS exhibit single decays at
about 10 ms for both states (Fig. and b), indicating that the copolymers are molecularly
dissolved in water. Meanwhile, both states have comparable R;, values. The difference between
them is the temperature dependence: the trans-state exhibits an initial increase followed by
a subsequent decrease, while the cis-state displays a continuous increase. From the sudden
increased R, and the reduction of the intercept from G,-1 due to the multiple scattering, the
CPs of the trans- and cis-state are found to be at 31 °C and 27 °C, respectively. Further away
above the CPs, the single chains start to aggregate strongly, resulting in sizes too large to be
characterized by DLS.

The scattering curves obtained from SAXS are depicted in Fig. and b. First, we see shoul-
ders from 0.1 and 1 nm™!, which can be attributed to the copolymer chain scattering. According
to the strong forward scattering starting from 40 °C for both states, we determined the CPs to
be 40 °C for both. To describe the shape of the copolymer, we used cylinder form factor, with
the parameters cross-sectional radius Res and length L. In addition, the power law term and
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Figure 1.10:

DLS results with intensity auto-correlation functions G-1 for the a) trans- and b) cis-state
and R; for c) both states of PDMA-{$Alay g9 in 5 g/L aqueous solutions in dependence on
temperature. CPs are indicated by red dashed lines.

the Ornstein-Zernike structure factor is used to describe the aggregates and the concentration
fluctuations between the chains, respectively. From the cylinder dimensions as shown in Fig.
[1.11k, we obtain a decreased L for the trans- and increased L for the cis-state with the increased
temperature, while the R stays almost unchanged, suggesting that the copolymer single chains
are gathering together to form cylindrical aggregates, and the trans-state contracts while the cis-
state extends in axial direction (Fig. [I.11f), respectively. This is consistent with DLS results. Fig.
shows an increased correlation length for the trans- and nearly unchanged for the cis-state,
where the trans-state shows a lower correlation length and thus a stronger spatial correlation be-
tween the PDMA chains due to the more hydrophobic nature of the AB group in the trans-state
which makes the chains less extended.
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Figure 1.11:

SAXS results with scattering curves for a) trans- and b) cis-state of PDMA-5Alayy g%, cylinder
dimensions in nm c) and correlation length in nm d), sketches of copolymer chain conforma-
tion for frans- and cis-state in dependence on temperature. CPs are indicated by red dashed
lines.

In summary, both states of the PDMA-3Alayq g9, exhibit a cylindrical shape, but show different
LCST transition behaviors, with shortened trans- and longer cis-state in their axial direction.

[1] A.Miasnikova, C. A. Benitez-Montoya, A. Laschewsky, Macromol. Chem. Phys. 214, 1504 (2013)
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2 Responsive thin films
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2.1 Morphologies in thin films of charged pentablock terpolymers during solvent
vapor annealing

Y. Gu, C. Tsitsilianis!, C. M. Papadakis

1 University of Patras, Greece

Stimuli-responsive block copolymers with charged segments have emerged as versatile
platforms for designing adaptive nanomaterials, owing to their ability to undergo reversible
structural transitions under external triggers such as pH, temperature, and solvent environ-
ments [1]. Among these systems, ABCBA pentablock terpolymers are particularly promising
due to their interplay between hydrophobic and ionizable blocks. However, the precise control
of nanoscale morphologies through combined pH modulation and solvent vapor annealing
(SVA) has not been fully exploited yet. This study focuses on a symmetric pentablock ter-
polymer system comprising poly(methyl methacrylate) (PMMA), poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA), and poly(2-vinylpyridine) (P2VP), arranged in an MDVDM
architecture. The pH-responsive nature of PDMAEMA (pKa = 7.5) and P2VP (pKa = 5.5)
enables tunable electrostatic interactions, while the hydrophobic PMMA endblocks provide
structural stability. By leveraging both pH variation and solvent selectivity during solvent
vapor annealing, we aim to achieve fine control over nanoscale self-assembly.

Thin films were prepared by spin-coating 2 wt% MDVDM aqueous solutions (pH adjusted
from 5.5 to 8.0) onto acid-treated silicon substrates. The polymer composition, expressed in
volume fractions, was fpyivia = 0.04, fepyvarma = 0.68 and fpoyp = 0.28. SVA was conducted
in a controlled humidity chamber (19 °C, relative humidity 0-90%), using water vapor as the
annealing medium. The evolution of the film thickness was monitored in real-time via in-situ
spectral reflectometry. Morphological characterization was carried out using atomic force
microscopy (AFM) in tapping mode, with periodic domain spacings determined by fast Fourier
transform analysis of the height images.

Figure shows AFM height images in dependence on the pH-value of the solution used
for film preparation. At pH 5.5 (Figure [2.1 (a)), the film exhibits a disordered structure with
minimal height variations. At pH 6.5 (Figure (b)), distinct structural features begin to
emerge, indicating the onset of microphase separation. At pH 7.0 (Figure 2.1|(c)), well-defined
domains with clear boundaries are observed, reflecting an ordered morphology. At pH 8.0
(Figure [2.1{ (d)), the domains are larger and exhibit increased height variations, demonstrating
further coarsening of the structure.

Figure 2.1: AFM height images of as-prepared thin films from MDVDM. a): pH 5.5; b): pH 6.5;
c): pH 7.0; d): pH 8.0. The scale bar represents 200 pm, and the height range increases from 2.5
nm in (a) to 50 nm in (d).
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Figure2.2]illustrates the dependence of the height of the protrusions and periodic domain spac-
ing on pH. The main plot shows that the height of the protrusions increases significantly with
pH, transitioning from a disordered state to an ordered morphology at higher pH values. In
contrast, the periodic domain spacing, measured using AFM, is plotted against pH in the or-
dered regime, indicating that the domain spacing is almost independent of the pH-value. These
results reflect the enhanced microphase separation and structural organization of the thin films
at higher pH values.

t

0 55 60 65 7.0 7.5 80 8.5 9.0
pH

Figure 2.3|illustrates the swelling behavior of these films as a function of the relative humid-
ity at two pH values (5.5 and 7.0). The main plot provides a detailed view of the step-wise
swelling process over time at pH 7.0 by controlling the gas flow rate of the water vapor, where
distinct swelling plateaus are observed, indicating the progressive absorption of water into the
film structure. The inset shows the gradual increase in swelling ratio with relative humidity,
highlighting the pH-dependent swelling behavior of the films. Maximum swelling ratios of 1.6
and 2.4 are obtained at pH 5.5 and pH 7.0, respectively.
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Future studies will use in-situ AFM to investigate real-time structural responses under con-
trolled ionization and solvent conditions. These efforts will elucidate how pH-modulated
charge density influence the surface morphology.

[1] E A. Jung, C. M. Papadakis, Adv. Funct. Mater. 31, 2102905 (2021)
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2.2 Azobenzene: 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

L TLL, Grenoble, France
2 University of Potsdam, Potsdam-Golm, Germany

Thin polymer films capable of reversible coil-to-globule transitions in response to external stim-
uli have garnered significant attention for their potential use in functional materials such as
sensors, nanoswitches, and responsive coatings. Stimuli like temperature, pH, cation addition,
or consolvent addition can induce structural and morphological changes in these films, affect-
ing their swelling behavior under varying levels of relative humidity. Among these, light stands
out as a non-invasive, high-resolution trigger. This functionality is enabled by photoswitchable
molecules, such as azobenzene and azopyrazole, which undergo reversible double-bond iso-
merization upon irradiation with specific wavelengths of light. The process can be reversed
either by exposure to a different wavelength or through thermal relaxation [1].

In this study, we synthesized statistical copolymers by combining azobenzene-acrylamide
(AzAm) with the lower critical solution temperature (LCST) polymer poly(dimethylacrylamide)
(pPDMAm). While aqueous solutions of these polymers have demonstrated LCST shifts upon
irradiation, their behavior in thin films remains unexplored. Here, we examine the swelling
characteristics of p(AzAm-co-DMAm) thin films in both isomeric states of the photoswitchable
azobenzene (Az). The impact of UV irradiation on the film swelling behavior in water vapor is
investigated, with the aim of controlling film thickness and water content.

Using reflectance UV-vis spectroscopy, we examine the effect of the isomerization and subse-
quent thermal relaxation on the optical absorption properties of the polymer film. Fig.[2.4/shows
the reflectance spectra of the thin polymer film before irradiation and at different times after irra-
diation, showing the thermal relaxation of the cis-molecules back to their stable trans-state. It can
be seen that the reflectance in the region around A = 350 nm increases after irradiation, due to
lower absorption by the azobenzene, and subsequently decreases as the azobenzene molecules
thermally relax to their stable state. The results show successful photoswitching of the polymer
and give information about the effect of the thin film geometry on the kinetics of the thermal
relaxation.

Figure 2.4:

a) Reflectance spectra of the thin polymer films before and after irradiation and the reference
spectrum of a silicon wafer. b) Logarithmic ratios of the reflectance curves showing the
thermal relaxation of the moieties. The minimum is proportional to the amount of moieties
that have relaxed from the unstable cis-state to the stable trans-state.

Using in situ Fourier-transform infrared (FTIR) spectroscopy during swelling of the film under
water vapor combined with UV-irradiation, we probe the effect of the azobenzene moieties on
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the interaction between water and polymer. Fig. 2.5shows the wavenumber evolution of the
absorption bands v,5(C-H,) and amide I during swelling, irradiation (lamp on) and thermal
relaxation (lamp off) of the polymer film. During swelling, the peak position of the v,s(C-H,)
band shifts to higher wavenumbers, as the vibration of the CHj; units in the polymer backbone
increases in frequency due to confinement by water molecules. The amide I band moves to-
wards lower wavenumbers as vibration is impeded by the formation of hydrogen bonds. After
irradiation, there is a further shift towards higher and lower wavenumbers, respectively, indi-
cating that the isomerization results in higher water uptake by the polymer.

Figure 2.5:
a) Peak position of the v,s(C-H,) band over time. b) Peak position of the amide I band over
time.

Using time-of-flight neutron reflectometry (ToF-NR) at the D17 instrument at Institute Laue-
Langevin (ILL), we obtain depth-resolved information about the solvent distribution in the thin
film in dry and swollen state, before, during and after irradiation, using a custom-made sample
environment [2]. Fig. shows the static measurements of the thin film in the aforementioned
states. While there is a decrease in thickness and SLD when the lamp is switched on, the film
returns back to near its previous state after irradiation, indicating that the effect of the UV-light
on the water uptake is less pronounced in the thin film used for ToF-NR measurements.

Figure 2.6:
a) Static ToF-NR curves (symbols) and fits (lines). b) SLD profiles of the models used for
fitting the data.

In summary, the results show a successful isomerization of the photoactive moieties when irra-
diated with light. The isomerization seems to increase water uptake by the polymer, although
this effect is more pronounced in thicker films. Our results reveal insights on how photoswitch-
able 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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2.3 Study of the swelling behavior of poly(N-vinylisobutyramide): a strutural Iso-
mer of poly(N-isopropylacrylamide)

M. P. Le Dg, R. Cubitt!, C. Henschel?, A. Laschewsky?*?

L TLL, Grenoble, France
2 University of Potsdam, Potsdam-Golm, Germany
3 Fraunhofer-Institut fiir Angewandte Polymerforschung, Potsdam-Golm, Germany

Poly(N-isopropylacrylamide) (PNIPAM) is one of the most outstanding thermoresponsive poly-
mers and has been studied for its sharp and reversible phase transition at around 30 °C in wa-
ter. However, the acrylamide-based monomers used to synthesize NIPAM-based polymers pose
toxicity risks, and their intensive use has brought substantial traces of acrylamides in food and
water wastes.[1] Hence, alternative polymers such as poly(N-vinylisobutyramide) (PNVIBAM),
are investigated. PNVIBAM is known to be water soluble and have a transition temperature
of 39 °C in water.[2] These are two attractive features when used as a controlled drug delivery
system or smart skin coating in the medical field.

This research project aims to study the swelling behavior of PNVIBAM thin film and to com-
pare it to that of the well-known PNIPAM. The investigation is carried out on several length
scales, ranging from the mesoscopic to molecular scale. First, the water absorption of the PN-
VIBAM film under water vapor is studied with respect to the swelling of the PNIPAM film.
Fig. 2.7| shows the recorded spectral reflectance data of the polymer films under water vapor.
Both samples are first dried under N, atmosphere before exposure to high relative humidity.
The PNIPAM thin film reaches a higher thickness than PNVIBAM, which translates to a higher
swelling capacity of PNIPAM films.
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Figure 2.7:

Thickness evolution of PNIPAM (blue) and PNVIBAM (green) films under H,O vapor expo-

sure.

Then, the solvent distribution within the films is studied by time-of-flight neutron reflectom-
etry (ToF-NR). The scattering length density (SLD) distribution along the normal direction of
the substrates in the dry state, shown in Fig.[2.8|a) and b) reveals an enrichment layer of solvent
(D70) at the substrate interface in the PNIPAM sample. In contrast, the PNVIBAM film does not
present this solvent-rich layer. The swelling kinetics are studied as shown in Fig. 2.8 c), where
the swelling ratio of the polymer films is plotted against the volume fraction of solvent within
the samples. It is observed that a volume fraction of (D,0O) of 3.8 % is required to cause the
PNVIBAM film vertical expansion, while 6 % is needed for the PNIPAM sample. Such obser-
vation is linked to a difference in free volume accessible by the solvent’s molecules within the
films. Finally, in situ Fourier transform infrared (FTIR) spectroscopy under water vapor is used
to probe the interaction with the polymers and the solvent. Fig. shows the peak position
shift over the time of some characteristic absorption bands of the polymers. The position of the
Amide I bands shifts towards lower values, characteristic of hydrogen bond formation. This
shift is stronger in the case of PNIPAM, which translates to a more hydrophilic behavior than
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Figure 2.8:

ToF-NR investigation of PNIPAM (blue) and PNVIBAM (green) thin films under D,O vapor
exposure; a) and b) SLD profile of the polymer thin films; c) evolution of the swelling ratio
as a function of the volume fraction of D,O

Figure 2.9:

In situ FTIR investigation under H,O vapor exposure. Peak position shift of the a) amide I
band and the b) -C-Hj asymmetric stretching absorption band of PNIPAM (blue) and PN-
VIBAM (green).

PNVIBAM despite its lower transition temperature. The peak positions of the -C-Hz asymmet-
ric stretching vibrations of the isopropyl side groups shift towards higher values. Such behavior
is characteristic of confinement from water clathrates around those hydrophobic units.[3] This
shift is bigger in the case of PNIPAM, meaning that the induced confinement is weaker in PN-
VIBAM. It has been deduced that the hydrophobic interaction in PNVIBAM is stronger than in
PNIPAM, which sterically hinders the absorption of more water molecules.

Despite the isomeric relationship between PNIPAM and PNVIBAM, those two polymers, in
thin film geometry, have different swelling behaviors when exposed to water vapors. Such
differences need to be accounted for when bringing these materials into applications.

[1] H. Vihola, A. Laukkanen, L. Valtola, H. Tenhu, J. Hirvonen, Biomater. 26(16), 3055-3064 (2005)

[2] C. Henschel, D. Schanzenbach, A. Laschewsky, C. .H. Ko, C. M. Papadakis, P. Miiller-Buschbaum,
Colloid Polym. Sci. 301(7), 703-720 (2023).

[3] M. L. Galbraith, J. D. Madura, J. Mol. Graphics Modell. 78, 168-175 (2017)
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2.4 Salt-mediated tuning of the swelling degree of PNIPMAM thin films

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

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

Stimuli-responsive polymers have gained significant interest due to their ability to change their
properties in response to external triggers. Among them, thermoresponsive polymers are par-
ticularly important for applications such as targeted drug delivery, sensors, and smart coatings.
These polymers undergo reversible phase transitions when exposed to changes in temperature.
A key factor found to influence the transition temperature of thermoresponsive polymers are
specific ion effects, where ions alter polymer behavior by modifying hydrogen bonding and sol-
vation dynamics. Depending on the type of ion, the polymer response can be either enhanced
or suppressed, significantly affecting its ability to swell and contract. Another intriguing phe-
nomenon in thermoresponsive polymers is the cononsolvency effect, where a polymer that is
soluble in the individual solvents becomes insoluble in their mixture at certain compositions.
The origin of this counterintuitive behavior is still under debate, with theories ranging from
complex formation to competitive binding effects and preferential adsorption. However, an
understanding of the cononsolvency effect is essential for designing advanced polymer-based
materials with a controlled response in complex solvent environments. Inspired by the spe-
cific ion and cononsolvency effect, the influence of salts on the swelling degree of poly(N-
isopropylmethacrylamide) (PNIPMAM) thin films is investigated. The introduction of salts into
these thin films is aimed at evaluating their role in modifying polymer-solvent interactions and
controlling the film response under different vapor atmospheres.

To study the effect of salts on the swelling and cononsolvency-induced collapse, PNIPMAM
thin films containing either Mg(ClOy); or NaClOy are fabricated on silicon substrates. The films
are first swollen in a D,O atmosphere, followed by exposure to a D,O-acetone vapor mixture
atmosphere in a defined ratio to induce the collapse transition. The experiment is conducted at
a constant temperature to exclude thermal effects originating from the intrinsic thermorespon-
sive behavior of PNIPMAM. Using time-of-flight neutron reflectometry (ToF-NR) and Fourier-
transform infrared spectroscopy (FTIR) the macroscopic film changes as well as the underlying
molecular interactions are investigated. The ToF-NR measurements provide insights into the
film thickness evolution over time and the vertical solvent distribution inside the films during
the vapor exchange process. FTIR spectroscopy further allows for the analysis of molecular
interactions occurring within the polymer film, and subjecting the FTIR data to correlation anal-
ysis allows to deduce the sequence of solvation events. In Fig. the film thickness evolution
as well as the change of the scattering length density (SLD) are shown for the NaClOj4- (green)
and Mg(ClOy);-containing (orange) PNIPMAM thin films obtained from the ToF-NR analysis.
The results reveal that the swelling behavior of the films depends strongly on the type of salt. In
a pure D,0O vapor atmosphere, both systems exhibit an increase in film thickness, with NaClO4-
containing PNIPMAM thin films swelling by 177%, whereas Mg(ClO4),-containing films exhibit
a more moderate swelling of 39%. This striking difference indicates that sodium perchlorate
significantly enhances the water uptake ability. Upon exposure to a D,O-acetone vapor mix-
ture atmosphere (90:10 volume ratio), the films undergo a cononsolvency-driven contraction.
The NaClOy4-containing films show a thickness decrease of over 50%, while the Mg(ClOy)-
containing films contracts by only 9%. This finding indicates that NaClO, enhances not only
the swelling capacity but also the subsequent collapse behavior. FTIR analysis provides mech-
anistic insights into the solvation process and the corresponding FTIR spectra are shown in
Fig. During swelling, amide-D,0O hydrogen bonds form, stabilizing the hydrated state of
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the polymer. Upon vapor exchange, these hydrogen bonds are perturbed, leading to solvent
release. The incorporation of acetone reduces D,O-amide interactions, while amide-amide in-
teractions increase, promoting film collapse. The different response behaviors between NaClOy-
and Mg(ClO4),-containing films highlight the influence of specific ion effects, with NaClO4 en-
hancing swelling and contraction responses more effectively than Mg(ClO4),. The pronounced
differences in solvent uptake and release behaviors indicate that the cation type plays a crucial
role, even when the anion remains constant. By systematically varying salt types and concen-
trations, further research can lead to the optimization of smart coatings, drug delivery systems,
and other stimuli-responsive applications.
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Figure 2.10:

a) Thickness and b) SLD evolution over time for the PNIPMAM thin films containing either
NaClOy (green) or Mg(ClOy), (orange) [1].
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Figure 2.11:

FTIR spectra measured during the a,b) swelling and c,d) collapse of a PNIPMAM film con-
taining either Mg(ClOy), (top) or NaClO, (bottom). Black arrows indicate the intensity
trends of the signals originating from solvent molecules over time [1].

[1] J. Reitenbach, P. Wang, L. E. Huber, S. A. Wegener, R. Cubitt, D. Schanzenbach, A. Laschewsky,
C. M. Papadakis, P. Miiller-Buschbaum, Macromolecules 57, 10635-10647 (2024)
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3.1 Influence of salt addition on the ionic conductivity, hydration behavior, and
structure of poly(sulfobetaine) hydrogels for electrolyte applications

F. Ganster, A. Stephan?, P. Miiller-Buschbaum, L. P. Kreuzer!

! MLZ, Garching, Germany

Polyzwitterionic hydrogels are promising candidates as electrolytes in aqueous solid-state bat-
teries, such as zinc-ion batteries (ZIBs), due to their ability to retain water molecules, facilitating
ionic transport [1]. The proportional addition of zinc salts induces the formation of so-called
ion migration channels, driven by electrostatic interactions and acid-base concepts. Specifically,
Zn?* jons coordinate with the negatively charged groups of the polyzwitterion, forming Zn?*-
rich channels. Within these channels, retained water acts as a lubricant, coordinating with the
charged groups of the polyzwitterion while reducing interactions with mobile Zn** ions. Even-
tually, this promotes ion pair dissociation and enhances ion mobility [2]. By adding anions,
e.g., cosmotropic SO?~ and chaotropic CH3COO™ (acetate), the interactions between water and
the polyzwitterion can be tuned, which in turn impacts on the formation and structure of the
ion channels and thus, on the overall ionic conductivity. The underlying mechanismes, i.e., the
hydration behavior of the polyzwitterionic hydrogel in the presence of different salts, and the
consequences for the hydrogel structure and ionic conductivity are the subject of this research
project.

The first step explores the impact of salt addition on the ionic conductivity of the zwitterionic
polysulfobetaine methacrylate (PSBMA) hydrogel (Fig. a)). Salt-free and salt-containing
[ZnSO4 and Zn(acetate)] hydrogels are sandwiched (via the drop-casting technique) between
two steel plates and assembled into a coin cell before assessing the ionic conductivity by mea-
suring the electrochemical impedance.

The results demonstrate that all three samples exhibit significantly different ionic conductivities.
While adding salt—regardless of the type—generally leads to an increased ionic conductivity,
distinct differences between the salt types are also observed. This is shown in Fig.|3.1|b) for a
salt concentration of 1 M with respect to the retained water. These variations are attributed to
salt-type-specific hydration of the zwitterionic polymer and structural changes in the hydrogel.
FTIR spectroscopy is used to investigate the hydration behavior of the hydrogel upon adding
different types and even small amounts of salt. Fig. c) presents the FTIR spectra of three
hydrogels: one salt-free, one containing ZnSO4, and one containing Zn(acetate), each at a 1:1
molar ratio relative to the number of repeating units in the polymer.
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Figure 3.1:

Chemical structure of PSBMA (a) as well as impedance spectra (b) and FTIR spectra (c) of
salt-free, ZnSO,- and Zn(acetate)-containing PSBMA hydrogels.
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Notably, the peak positions assigned to the functional groups in the hydrogel are not equally
affected by the addition of salt. In particular, the C=O stretching vibration at 1728 cm™! and the
symmetric S=O stretching vibration at 1039 cm~! appear to remain constant. Slight changes can
be observed in the asymmetric S=O stretching vibration at 1190 cm™! and in the O-H stretching
vibration (around 3460 cm~!). These measurements confirm that the characteristic functional
groups of the hydrogel are clearly identifiable in the FTIR spectrum. Consequently, this ap-
proach provides a reliable basis for conducting further hydration studies. In-situ FTIR measure-
ments are presently being conducted to investigate the effects of varying relative humidity and
temperature conditions.

Besides the hydration behavior, the hydrogel morphology also seems to depend on the
chaotropic/cosmotropic nature of the added salt as preliminary results from GISAXS measure-
ments performed at the Elettra Sincrotone Trieste indicate.

While FTIR spectroscopy provides valuable insights into the functional groups of the polymer,
Raman spectroscopy is integrated into the project due to its ability to study water dynamics in
detail. Understanding hydration water dynamics is crucial for optimizing ionic transport and
conductivity in zwitterionic hydrogels. In addition, an experimental setup is developed to si-
multaneously measure water dynamics (via Raman spectroscopy) and ionic conductivity (via
impedance spectroscopy). At the same time, parameters such as relative humidity and tem-
perature can be varied. Therefore, a custom sample holder is designed as shown in Fig.
a). The design includes a steel ring that contacts the hydrogel-coated steel plate. Both are then
pressed together at the center of the holder, where two bridges extending from the center facil-
itate verification of the hydrogel thickness. Electrical contacts on either side of the steel plates
are integrated to enable connection to a potentiostat, while the ring electrode and the opening
in the holder ensure that the Raman laser can access the hydrogel. The holder is tailored to
fit into an existing humidity chamber (Fig.[3.2]b)). This chamber was originally developed for
simultaneous Raman spectroscopy and quasi-elastic neutron scattering (QENS) measurements
and precisely controls temperature and humidity. Recently, it was successfully commissioned at
the FOCUS instrument at Paul Scherrer Institut (Switzerland). This chamber will be utilized in
upcoming QENS experiments using the IRIS instrument at the ISIS Neutron and Muon Facility
(UK) to study the role of water dynamics in zwitterionic hydrogels.

a) b) connections for
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Figure 3.2:

Schematic representations of the custom holder and its centerpieces for simultaneous Raman
spectroscopy and impedance measurements (a) and the humidity chamber (b). The Raman
laser is indicated in red.

[1] P.Yang, J.-L. Yang, K. Liu, H. J. Fan, ACS Nano 16, 15528-15536 (2022)

[2] Y. Wang, Q. Li, H. Hong, S. Yang, R. Zhang, X. Wang, X. Jin, B. Xiong, S. Bai, C. Zhi, Nat. Commun.
14, 3890 (2023)
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3.2 Water-uptake in Zn-loaded polysaccharide films

J. E. Heger, H. Amenitsch!, C. M. Papadakis, P. Miiller-Buschbaum
1 ELETTRA, Basovizza, Italy

Aqueous Zn-ion batteries have recently gained increasing interest due to their low cost of fabri-
cation, which is made possible by the abundance of involved materials, the low toxicity of the
materials used, and the specific energy density of the batteries. In order for Zn-ion batteries to
become a serious candidate to replace Li-ion batteries and to overcome the associated economic
and environmental issues in handling the Li precursors, research is focused, in particular, on
the electrolyte architecture used in Zn-ion batteries. The use of hydrogel-based quasi-solid elec-
trolytes offers the combined advantages of liquid and solid electrolytes, including enhanced
mechanical flexibility and ion conductivity [1].

Solvent vapor treatment (SVT) has frequently been used to manipulate the structures of thin
polymer films. Here, we investigate films from biopolymers that are loaded with ions which
are expected to become mobile in the solvent-swollen state. These films are prepared by spin-
coating on silicon substrates. For SVT, a custom-made, temperature-controlled chamber is used,
which allows placing of a solvent reservoir inside and provided bubblers as well as monitors
for temperature and relative humidity (Fig. [2].

Figure 3.3:

Experimental setup at the Austrian SAXS beamline, ELETTRA. A cooling water circuit con-
trols the sample temperature, and a stream of nitrogen through water containing bubblers
controls the relative humidity inside the chamber during in situ GISAXS measurements.

The film structures are investigated using grazing-incidence small-angle X-ray scattering
(GISAXS) at the Austrian SAXS beamline to get information on the lateral structure. Simultane-
ously, the spectral reflectance (SR) is measured to track the film thickness during the swelling
and drying experiments. A 2D detector is mounted at a sample-detector distance of 1.8 m. From
the 2D GISAXS maps, horizontal 1D line cuts are taken at the Yoneda peak position, which give
information about the mesoscopic lateral film structure.

We investigate hydrogels based on environmentally friendly polysaccharides, specifically agar
and pectin. The hydrogels are loaded with 1 M ZnSQOj, and thin films are prepared. To reveal the
effect of water uptake and release and of elevated temperature on the nanoscale morphology of
the Zn-ion loaded hydrogels, we conduct in-situ GISAXS measurements at an incident angle of
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0.45° every 60 s with an exposure time of 30 s for in total 0.5 h per measurement spot. This is well
below the maximum radiation dose that was experimentally quantified before the experiments.
Initially, the samples are subjected to a relative humidity of 15-17% at 21 °C. Then, the rela-
tive humidity is increased to approximately 79-81%. Subsequently, the samples are heated to
65 °C at this elevated relative humidity. Lastly, the samples are cooled to 22 °C, and the relative
humidity is reduced again to 15-17%. Each step lasts for 0.5 h, and simultaneous SR measure-
ments monitor the occurring changes in film thickness, which varies from 356 nm to 395 nm
(agar-based) and from 43 nm to 67 nm (pectin-based). The horizontal line cuts obtained from
selected 2D GISAXS maps are shown in Fig. and b for the pectin-based and the agar-based
hydrogels, respectively. A qualitative comparison indicates that, at length scales of 30-50 nm,
the pectin-based hydrogels exhibit a more pronounced morphological response to variations in
ambient conditions than the agar-based hydrogels. These length scales correspond to the di-
ameter of ion-diffusion channels within the network, which are expected to directly impact the
electrolyte performance in Zn-ion batteries [3].

A more quantitative understanding is currently being developed through the modelling of
GISAXS data with established models and the correlation of the structural variation with the
one of the film thickness. The analyzed data will be discussed in the context of complementary
electrochemical measurements.
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Figure 3.4:

Results from the ZnSOy-loaded polysaccharide thin films. Horizontal line cuts taken at the
Yoneda peak position of (a) the pectin-based hydrogel, and (b) the agar-based hydrogel.

[1] L.Lj,S. Jia, S. Yue, C. Wang, H. Qiu, Y. Ji, M. Cao, D. Zhang, Green Chem. 26, 6404-6422 (2024)

[2] A.V.Berezkin, F. A. Jung, D. Posselt, D.-M. Smilgies, C. M. Papadakis, Adv. Funct. Mater. 28, 1706226
(2018)

[3] L. Yan, Q. Zhang, Z. Zhang, G.-J. Li, Y. Jin, X.-L. Zhang, Y.-Y. Sun, J. Membr. Sci. 690, 122243 (2024)
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3.3 Towards latex film formation investigated via GISAXS

S. Schraad!, H. M. Salvador?, N. Tomozeiu?, P. Miiller-Buschbaum, S. V. Roth!3

! DESY, Hamburg, Germany
2 Canon Prod. Print., Venlo Netherlands
3 KTH, Stockholm, Sweden

Printing with water based inks is a complex process representing the physical-chemical
interactions between a complex fluid and a porous paper. Directly after deposition of the inks,
the solvent evaporates, and colloids in the ink start to self-assemble. Print quality is the result
of these stages and the interaction of the different components between each other and the
substrate. A sketch showing the different stages, from deposition to final film formation, is
shown in Fig. 3.5/ for a non-porous substrate and a porous substrate. This topic is investigated
by industry and academics since a long time, a full understanding could not be gathered by
now. Especially in-situ measurements on latex film formation are rarely published [1,2].

Figure 3.5:

Different stages of typical latex ink film formation on non-porous substrate (a-d), and imbi-
bition of latex colloids into porous substrate before (e) and after annealing (f). a) An aqueous
suspension containing polymeric micro- or nanospheres is deposited onto a substrate. b)
The solvent evaporates, leading to the second stage of closely and in-contact colloid parti-
cles. c) The latex particles deform, resulting in the third stage. d) A mechanically stable film
is formed after aging or annealing. e) Colloidal latex fill voids of cellulose nanofibrils (CNF)
films, when their size is smaller than the voids. f) Deformation of colloids and entanglement
with CNF after annealing or aging.

Ultrasonic spray deposition (USD) is used to produce CNF thin films and deposit the latex
colloids. Like other spray deposition techniques, USD has a high material utilization and is
scalable. USD nozzles create micrometer-sized droplets that are carried by nitrogen gas from
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the nozzle tip onto the (heated) substrate. The formation of a continuous wetting layer is crucial
to obtain homogeneous films. The wetting behavior is governed by the surface energy of the
substrate.

The droplets are usually smaller and have a lower velocity than droplets created during air-
brush spray deposition (ASD). Droplet size can be modified by choosing the nozzle frequency
for USD. In ASD, droplets are created by pressing the solution with the help of a carrier gas
through a small orifice, while USD utilizes a piezoelectric generator to atomize the dispersion.
Generally, USD leads to more homogeneous films with a smooth surface due to the low kinetic
energy of the droplets impinging onto the substrate [3]. Therefore, USD is used instead of
ASD to fabricate CNF thin films and latex colloid-coated CNF thin films, with a layer thickness
aiming between 500 nm and 2 um. Here, the idea is to prepare ultra-smooth thin films as
a model substrates to mimic printing on paper. For comparison, non-porous substrates, i.e.
silicon wafers, will be used as well.

An experimental chamber is currently designed, which allows to investigate the latex film
formation via combined grazing incidence X-ray scattering (GISAXS) and spectral reflectance.
Spectral reflectance is recorded by a white light interferometer (WLI). To observe the later stages
of solvent evaporation, coalescence and deformation, it is necessary to use in-situ GISAXS
during film formation. Here, focus is on analyzing structural changes during the different
stages quantitatively.

The chamber will include the possibility to deposit the colloids or later latex inks onto the CNF
films, then the sample will be moved into the X-ray beam and focal point of the white light
interferometer. Here, reduction of vibrations are crucial, due to the sensitivity of the WLI. The
enclosed chamber then also allows to monitor temperature and relative humidity, which can
influence the latex film formation process [4-6]. By including a fan the convection rate can be
controlled, which also influences film structure [7].

Ex situ spectroscopic ellipsometry is used to determine film thickness and optical properties of
ultrasonically sprayed CNF thin films and latex colloid coated CNF films. Literature suggest
graded films, meaning film density changes from top to bottom [4]. This graded layer model
will be used for colloid coated CNF films, as it proved to be successful to distinguish if colloids
imbibe into the CNF layer or not [4].

Another crucial parameter is the colloid size, because during the deformation phase mechanical
forces acting on the particles depend on the radius of curvature of the latex particles, which
is governed by the particle size. Also comparing non-deforming silica nanoparticles with the
aforementioned deformable, polymeric colloid particles, will give valuable insight into the film
formation process.

[1] I. Martin-Fabiani, D. K. Makepeace, P. G. Richardson, J. Lesage de la Haye, D. Alba Venero,
S. E. Rogers, F. D’Agosto, M. Lansalot, J. L. Keddie, Langmuir, 35/10, 3822-3831 (2019)

[2] M. A. Winnik, COCIS, 2, 192-197 (1997)
[3] S.Liu, X. Zhang, L. Zhang, W. Xie, Sci Rep, 6, 37402 (2016)

[4] C.Harder, M. Betker, A. E. Alexakis, Y. Bulut, B. Sochor, L. D. Soderberg, E. Malmstrom, P. Miiller-
Buschbaum, S. V. Roth, ACS Appl. Nano Mater., 7, 10840-10851 (2024)

[5] X. Chen, S. Fischer, Y. Men, Langmuir, 27, 12807-12814, (2016)

[6] C.]. Brett, N. Mittal, W. Ohm, M. Gensch, L. P. Kreuzer, M. Mansson, H. Frielinghaus, P. Miiller-
Buschbaum, L. D. S6derberg S. V. Roth, ACS Macromolecules, 52, 4721-4728 (2019)

[7] S. V.Roth, |. Phys.: Condens. Matter, 28, 403003 (2016)
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4 Photovoltaics



40 CHAIR FOR FUNCTIONAL MATERIALS ANNUAL REPORT 2024

4.1 Influence of solid state ligand exchange on perovskite nanocrystals

T. Baier, M. Schwartzkopfl, P. Miiller-Buschbaum

! DESY, Hamburg, Germany

The global energy demand has been steadily increasing in recent years, a trend expected to
persist. Therefore, harnessing solar energy through photovoltaic technologies is becoming in-
creasingly important. Perovskite nanocrystals have emerged as a promising active layer ma-
terial in perovskite solar cells (PSCs) due to their tunable bandgap properties facilitated by
quantum confinement effects, potential for multi-exciton generation, and compatibility with
various solution-based deposition techniques, such as spin-coating and slot-die coating. These
attributes contribute to the enhanced power conversion efficiency of PSCs. Notably, the cur-
rent record for solar cells utilizing perovskite nanocrystals as the active material demonstrates
a power conversion efficiency of 17.4%, comparable to that of conventional solar cells. [1]

One reason for perovskite being used as active material within the PSC is the great advantage of
being a group of materials having the ABX3 structure. Therefore, the bandgap of the final layer
can be tuned by exchanging the atoms but keeping the structure. By reducing the size of the bulk
perovskite crystals to a region below the Bohr radius, which is for FAPbI3 roughly rp ~ 5nm
[2], the quantum confinement regime is reached and the crystals are called perovskite quantum
dots (PQD) or above that regime perovskite nanocrystals (PNc). Because of that, they have no
longer continuous conduction and valence bands; they are quantized, and therefore, multiple
exciton generation is enabled. So-called ligands ensure that the crystals are kept within their
size.

Within this work, perovskite nanocrystals are synthesized using the in reference [3] described
hot-injection method to obtain cesium-formamidinium lead iodide perovskite nanocrystals
(FAPDbI3). These nanocrystals are deposited onto an indium tin oxide (ITO) substrate using the
large scalable slot-die coating method. Slot-die coating is chosen because there are further ad-
vantages as it is material efficient and compatible with solution-based precursors, which leads
to cheap and light final layers.

As the perovskite nanocrystal layers have a rather small thickness after one deposition, there
are several deposition steps necessary to ensure a sufficient thickness and absorbance for solar
cells. It is of great importance to understand the influence of the amount of depositions steps
onto the crystallinity of the final films. Therefore, grazing-incidence wide-angle scattering (GI-
WAXS) measurements are done to observe the crystal structure of the thin film, as can be seen
in Fig.

To analyze the 2D GIWAXS data, a so-called cake-cut is performed, which means that the in-
tensity is integrated azimuthically, as visualized in Fig. [£.Th). The obtained line data is called
pseudo-X-ray diffraction (p-XRD), which is shown in Fig. ). Here can be seen that the FAPbI;
is mainly within the é-phase, which is unfortunately photoinactive. The lead iodide (Pbl,) and
the ITO are in the trigonal phase.

In Fig. [f.1k) an azimuthal tube-cut at one specific g—value is performed to obtain the crystal
orientation. For the obtained (100) 6-FAPbI3 peak this is done at ¢ = 0.8 A~!. The data shows
two intensity peaks, one at y = 0° (face-on) and one at x ~ +45° (edge-on). Therefore, a double
Gaussian distribution is fit to the data after removing the background. The area underneath the
peaks is Lorentz-corrected (sin x), and the orientation distribution is obtained. This is shown
in Fig. [4.2b). The major amount of the crystals is isotropically orientated independently of the
number of deposition steps. Similar behavior is observed with the edge-on orientation. The
most visible changes are within the share of face-on orientation, which decreases while increas-
ing the deposition number.
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Figure 4.1:
2D GIWAXS data of FAPbI; perovskite nanocrystals with different number of deposition
steps: (a) 1x deposition, b) 2x depositions, c) 3x depositions).

Figure 4.2:

a) Pseudo-XRD data of FAPbI; nanocrystal films printed with a different number of deposi-
tion steps and simulated scattering data of ITO, Pbl,, and §-FAPbI;. b) Percentage of face-on,
edge-on, and isotropic orientated FAPbI; perovskite nanocrystals with a different number of
deposition steps.

Further investigations address the crystallization behavior of perovskite nanocrystal layers and
its difference between printing on a pure ITO substrate instead of already redeposited PNc lay-
ers. Differences can be expected due to the different surface roughnesses of both films as well
as different surface energies.

[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, ]. M. Luther, Nat. Commun. 10, 2842 (2019)

[2] K. Galkowski, A. Mitioglu, A. Miyata, P. Plochoka, O. Portugall, G. E. Eperon, J. T. W. Wang, T. Ster-
giopoulos, S. D. Stranks, H. J. Snaith, Energy Environ. Sci. 9, 962-970 (2016)

[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)
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4.3 CsPbBr; nanocrystal seeds for improved perovskite thin film morphology
A. Buyan-Arivjikh, M. Schwartzkopf!, S. L. Vayalil’:?, P. Miiller-Buschbaum

! DESY, Hamburg, Germany
2 UPES, Dehradun, India

Organic-inorganic halide perovskites have gained significant interest in the scientific commu-
nity owing to their favorable optoelectronic properties combined with their ease of production
and abundance of raw materials [1]. The combination of the aforementioned factors makes 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 perovskite
thin films are based on laboratory-scale techniques such as spin coating or drop- casting. For
real-world applications, low-cost, scalable coating methods are required [2]. Amongst the vari-
ous large-scale fabrication methods, the slot-die coating technique is a promising way as it offers
a stable coating window with tuneable thin film thicknesses via adapting the respective print-
ing parameters. Key factors for the performance of a perovskite- based device are the respective
thin film’s crystallinity and microstructure, which is affected by the thin film’s processing con-
ditions; specifically the nucleation & growth behavior in these fast crystallizing systems. In this
context, we utilized CsPbBrs nanocrystals as seed crystals for more tuneable growth behavior
by reducing the number of spontaneous nucleation sites. To investigate the seeding effect on the
thin film during- and after growth, we built an in-situ optical spectroscopy set-up able to switch
from transmission mode UV-vis- to photoluminescence (PL) spectroscopy mode and vice versa.
The synthesized CsPbBr3 nanocrystals are cubic in shape as shown in the SEM measurement
(Fig.4.5/a) and exhibit a PL emission close to 2.4 eV with a full width at half maximum (FWHM)

of 70 meV (Fig.[¢.5)b).

Figure 4.5:
a) SEM image of the perovskite nanocrystal thin film. b) PL measurement of CsPbBr;
nanocrystals on substrate

In-situ transmission mode UV-vis spectroscopy measurements while coating the main per-
ovskite solution reveal superior absorbance of the seeded perovskite thin film in comparison
to the seed-free control film. Furthermore, the perovskite’s phase transition from intermediate
phase to photoactive phase occurs in a faster manner for the seed crystal mediated thin film
(Fig.[£.6). An increase in the absorption should reflect in superior photovoltaic properties for
seed crystal- mediated thin films, which we attribute to a superior active layer morphology.
In addition to in-situ UV-vis measurements, in-situ PL spectroscopy reveals the photoactive
phase growth pathways for the seeded thin film (Fig. a) and highlights the different growth
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mechanisms compared to a seed crystal-free thin film (Fig. £.7]b). Specifically, the seed crystal
mediated thin film exhibits a second PL emission larger than 1.7 eV in the early stages of film
growth. The second peak gradually diffuses into the main perovskite PL peak around 1.6 eV.
We attribute the second, high energy PL peak to the CsPbBrs seed crystals that have red-shifted
from 2.4 eV to 1.6 eV throughout the thin film growth process as the seed crystal surrounding
medium is a perovskite solution that is rich in iodide. Hence, the bromide rich perovskite
crystals will increase their iodide content, which is accompanied by a red-shift in the respective
PL emission.

Figure 4.6:
Transmission mode in-situ UV-vis spectroscopy measurement of a seed crystal mediated
perovskite thin film a) and a control film without seed crystals b).

Figure 4.7:
Normalized in-situ PL spectroscopy measurement for a seed crystal mediated thin film a)
and a control film without seed crystals b).

[1] CY.Lin, SS. Li, JW. Chang, HC. Chia, YY. Hsiao, CJ. Su, BJ. Lian, CY. Wen, SK. Huang, WR. Wu, DY.
Wang, AC. Su, CW. Chen, US. Jeng, Adv. Funct. Mater. 29, 1902582 (2019)

[2] N. Xiuxiu, L. Nengxu, C. Qi, Z. Huanping, Adv. Energy Sustainability Res., 2.2, 2000046, (2021)
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V, which indicates the excellent ability to generate a potential difference between its terminals.
The fill factor (FF) is 75.38% and P, is the maximum output power. Finally, the power
conversion efficiency (PCE) reaches 16.16%. Our results demonstrate that this structure of
as-cast organic solar cells works well, which can be further used for the investigation on SVA.

In future work, we will focus on the fundamental understanding of the effect of different sol-
vents for the SVA on the morphology and the associated kinetic processes during this treatment.
As the schematic diagram (Fig. shows, the active layer film is put into the petri dish sealed
with a cap, which contains a specifically the solvent vapor atmosphere. To avoid the influ-
ence of temperature on the SVA, the petri dish will be constantly kept at 25 °C. Three solvents
(cyclohexane, benzene, 2-methyltetrahydrofuran) are selected for the SVA, which have similar
boiling points but different solubility parameters. We systemically investigate the impact of
the SVA by these three solvents on the morphological properties of non-fullerene OSCs using
atomic force microscopy (AFM), as well as grazing incidence small- and wide angle X-ray scat-
tering (GISAXS and GIWAXS). Furthermore, we will also provide real-time insights into the
morphological evolution during SVA through in situ UV-Vis absorption spectroscopy and in
situ photoluminescence measurements. Finally, we will correlate the solubility parameters and
annealing time with phase separation and crystalline characters of active layer and provide the
valuable guideline for the optimization of morphology though SVA.

Figure 4.9:

Schematic diagram of the solvent vapor annealing (SVA). The active layer is put in the mid-
dle of the petri dish before evaporating MoO3 and Ag. The solvent with a fixed volume is
dropped around the active layer. Finally, the petri dish is sealed with a cap and kept 25 °C
for different annealing time.

[1] J. Zhang, K. Jiang, G. Yang, T. Ma, J. Liu, Z. Li, J.Y.L. Lai, W. Ma, H. Yan, Adv. Energy Mater. 7,
1602119 (2017)

[2] C.]Jin, B.C. Olsen, E.J. Luber, ].M. Buriak, S. V. Roth, Chem. Mater. 29, 176-188(2017)
[3] Y. Zhang, S. Li, D. Zheng, J. Yu, Org. Electron. 15, 2647-2653(2014)
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4.6 Gas quenching under ambient conditions for efficient and stable perovskite so-
lar cells with surface passivation

Z. Jin, P. Miiller-Buschbaum

Perovskite solar cells (PSCs) have emerged as a promising photovoltaic technology due to their
remarkable power conversion efficiencies (PCEs) and potential for low-cost fabrication. How-
ever, PSCs experience still significant challenges, especially concerning operational stability un-
der ambient conditions, where moisture, oxygen, and thermal stresses can degrade the per-
ovskite structure. To address these issues, innovative processing techniques and surface passi-
vation strategies are essential. The preparation of uniform and pinhole-free perovskite films is
crucial for achieving high-performance, large-area PSCs. The processes of nucleation and crystal
growth are critical to the film formation. Consequently, the selection of an appropriate quench-
ing technique to induce a supersaturation state plays a vital role in controlling nucleation and
crystal growth. Gas quenching is a method using an inert gas flow to facilitate solvent evapora-
tion and induce perovskite precipitation, enabling uniform crystallization and reducing defect
density. The controlled formation process of the perovskite layer minimizes undesirable defects
that act as non-radiative recombination centers and further enhances the optoelectronic prop-
erties. In the experimental preparation process of perovskite films, there are different types of
defects appearing in the films. Since the poor film and interface quality can be the main reason
of unsatisfying PCE values of devices. It can be a solution to introduce some small molecules
as surface passivation to reduce the chemical activity of the perovskite and transport layer in-
terface. Surface passivation plays a pivotal role in stabilizing the perovskite layer by mitigating
surface trap states and improving moisture resistance. This approach offers a feasible pathway
to overcome the challenges associated with PSC fabrication under ambient conditions, paving
the way for their practical application.

Figure 4.12: Experimental process of perovskite films with surface passivation.

In this study, perovskite layer are fabricated using gas quenching method. In addition, organic
amines and their halides: PEAI (phenethyl ammonium iodide), BAI (n-butylammonium iodide)
and OAI (n-octylammonium iodide) are used as surface passivation materials to figure out their
impacts on defects passivation and performance improvement. The experimental fabrication
process of perovskite films with surface passivation is shown in Fig.

Schematic diagrams of 3D perovskite crystal structure and XRD spectra of perovskite films
with/without surface passivation are shown in Fig. where strong diffraction peaks of (100)
orientation, indicating 3D perovsikte structure, are dominating. After passivation with PEAI,
BAI and OAI the peak position slightly shifts to smaller 20 values, which indicates that the dis-
tance between (100) planes inside the 3D perovskite lattice becomes smaller with passivation.
Smaller (100) plane distances can be attributed to the pressure release of 3D perovskite structure
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after surface passivation. Besides scattering peaks of the 3D perovskite, there are also intensity
peaks appearing at smaller 26 values, which suggests the presence of a 2D perovskite structure.

Figure 4.13:
Crystal structure of 3D perovskite and XRD spectrum of perovskite films with/without sur-
face passivation.

From the experimental peak positions obtained in this study, it can be conclusively confirmed
that thin 2D perovskite layers of (PEA),Pbly, (BA)2FAPbsl7, and (OA)2Pbly form on the top
surface of the underlying 3D perovskite layer. This structural configuration highlights the capa-
bility of these 2D layers to act as protective and passivating barriers, which is a desirable feature
in enhancing the stability of 3D perovskites. The interlayer distance of the 2D perovskites is
determined from the XRD patterns by applying Bragg’s Law, as depicted in Fig.

Figure 4.14:
Schematic of crystal structures of (PEA);Pbly, (BA);FAPbI7 and (OA);Pbly showing inter-
layer distance obtained from XRD patterns.

Among the studied compounds, (OA),Pbl, exhibits the largest interlayer distance, which is
attributed to long alkyl chain length of the OAI molecules. In contrast, (PEA),Pbl, features
the shortest interlayer distance, attributed to the comparatively shorter phenethylamine (PEA)
molecule. This compact structure may lead to stronger interlayer interactions and distinct opto-
electronic behaviors.

[1] G.1iu, C. Qiu, B. Tian, X. Pan, D. Ding, Y. Chen, C. Ren, T. He, Y. Shi, C. Su, Y. Li, Y. Gao, D. Fan,
ACS Appl. Electron. Mater. 1, 2253-2259 (2024)
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4.8 Temperature-dependent Thermal Behavior of BTP-4F-12 based Organic Solar
Cells

Z.Li, M. Schwartzkopf!, S. K. Vayalil!:?, P. Miiller-Buschbaum

! DESY, Hamburg, Germany
2 UPES, India, Germany

Heat is one key factor contributing to the performance decreases of organic solar cells, which
would lead to inevitable morphological changes in the active layers. Common research with ex-
situ characterizations hinders comprehensive insights into the underlying thermal degradation
mechanisms. In this study, the device thermal stability of BTP-4F-12-based solar cells is in-
vestigated with operando tracking to provide a deep understanding of temperature-dependent
degradation processes. Fig. a) shows the experimental setup illustration. The molecular
structures, energy level diagram as well as the UV-vis spectra are shown in Fig. b) to d),
respectively. PBDBTCI-DTBT and PBDB-TF-T1 are selected as donors to compare the thermal
stability. The solar cells are aged in a nitrogen atmosphere to exclude the influence of air or
oxygen, ensuring that any observed device performance changes are primarily due to thermal
effects. The J-V curves of the devices are measured with the temperature increasing from 10 °C
to 130 °C. Then, the solar cells are cooled down to 10 °C as a final aged state.
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Figure 4.17:
a) Schematic of the operando measurement setup. b) Chemical structures, c¢) Energy Level
diagram and d) UV-vis absorption spectra of the materials utilized in this report

Fig. a) and b) shows the J-V curves evolution of these two solar cells. Both solar cells
exhibit a notable decrease in Voc under elevated temperatures, while the PBDB-TF-T1-based
cell maintains stable Jsc and FF values compared to the PBDBTCI-DTBT-based solar cell. Fur-
thermore, the solar cells undergo a rapid cooling back to 10 °C to assess their final aged state,
with the performance results shown in Fig. ¢) and d). Interestingly, both solar cells show
a recovery in V¢ upon cooling, suggesting that it is highly linked to temperature-dependent
charge carrier recombination or broadening of the density of states (DOS), which are general
phenomenon in photovoltaics cells. While the Jsc and FF values, however, exhibit slight
decreases after cooling. In general, the PBDB-TF-T1-based solar cell exhibits a remarkable
thermal stability.

Fig. a) and b) illustrate the UV-vis absorbance spectra of active layer films recorded at
different temperatures. The data do not show significant changes in shape as reported already
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Figure 4.18:

J-V curve evolution of a) PBDBTCI-DTBT:BTP-4F-12 solar cells and b) PBDB-TF-T1:BTP-4F-
12 solar cells as the temperature increases from 10 °C to 130 °C. J-V curves of ¢) PBDBTCI-
DTBT:BTP-4F-12 solar cells and d) PBDB-TF-T1:BTP-4F-12 solar cells at their fresh, 130 °C,
and final aged state.

in the light-induced interfacial degradation study of non-fullerene OSCs, indicating that
thermal aging does not cause a chemical decomposition of the materials. In both cases, the 0-0
peak of the polymer donor weakens gradually with increasing aging temperature. Specifically,
the PBDBTCI-DTBT-based film exhibits more pronounced changes, which is strongly linked to
changes in molecular aggregation.
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Figure 4.19:

Evolution of UV-vis spectra at different temperatures aging of a) PBDBTCI-DTBT:BTP-4F-12
films and b) PBDB-TF-T1:BTP-4F-12 films.

In summary, the temperature-dependent thermal behavior of PBDBTCI-DTBT:BTP-4F-12 and
PBDB-TF-T1:BTP-4F-12 solar cells are investigated in this report, where the loss of Voc under
high temperature is reversible, while the loss of Jsc couldn’t get recovered. PBDB-TF-T1 based
cells demonstrate a superior thermal stability compared to PBDBTCI-DTBT cells. The detailed

analysis about the evolution of morphological change in the active layer would be illustrated in
the future.

[1] L. Duan, A. Uddin, Adv. Sci. 7, 1903259 (2020)
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4.9 Investigation of wide-bandgap inverted perovskite solar cells

X. Tian, X. Jiang, P. Miiller-Buschbaum

Metal halide perovskite has desirable optoelectronic and mechanical properties such as strong
light absorption [1], long charge carrier diffusion length, and versatile processability using
solution-based manufacturing techniques and ambient-temperature vapor phase deposition.
With the development of perovskite solar cells (PSCs), the power conversion efficiency (PCE)
has increased from 3.8% to 26.1% [2], which has attracted widespread research and commer-
cialization attention. In addition to the PCE, the long-term stability of PSCs is also a crucial
factor to satisfy industrial requirements for photovoltaic devices. Inverted PSCs with a p-i-n
architecture have great potential for application due to their competitive efficiency and stability
[3]. Therefore, inverted PSCs are fabricated and investigated in our work.

The planar p-i-n perovskite solar cells are fabricated with the architecture of
glass/ITO/2PACz/perovskite/Cgo/BCP/Ag. The PACz solution is spin-coated at the top
of the ITO layer and annealed in an N»-filled glove box. The perovskite precursor solution is
dropped onto the 2PACz coated substrate. Then 200 ;L ethyl acetate is slowly dropped onto the
film at different time points during spin coating. Then the sample is annealed and further evap-
orated with Cgp, BCP, and Ag, sequentially. The theoretical bandgap of FA(3Csg 2Pbl; gBry 2
is 1.77 eV. In this work, the crystallographic and optical properties of perovskite thin film are
measured with X-ray diffraction (XRD), photoluminescence (PL) spectroscopy, and ultraviolet-
visible (UV-Vis) spectroscopy. The dropping time of antisolvent is crucial for the perovskite
quality. To investigate the influence of dropping time on the perovskite thin film properties,
different dropping time of 15, 17, 20, and 22 s are applied. We measure a series of PL and
UV-Vis data based on different time of antisolvent dropping before the end of spin-coating.
As we can see from the Fig. the PL peak position and the absorption edge of perovskite
shift with the dropping time variation, indicating the significant influence of the dropping
time on the bandgap of the perovskite. The bandgap is close to the theoretical value of the
FA(.8Csp.2Pbl; gBry o perovskite for 20 s dropping time.
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Figure 4.20:
(a) Photoluminescence (PL) spectroscopy and (b) ultraviolet-visible (UV-Vis) spectroscopy
of different samples with different antisolvent dropping time before the end of spin-coating.

After the determination of the antisolvent dropping time, which is 20 seconds before the end of
the spin-coating, we also measure the corresponding X-ray diffraction (XRD) of the perovskite
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film to investigate the crystallographic properties of perovskite films. As we can see from the
Fig. there are only little Pbl, residues remaining, and the intensity of (001) peak is much
stronger than that corresponding to the J-phase. The existence of §-phase inside the perovskite
film will cause the low PCE and stability, indicating the dropping time or antisolvent still needed
to be optimized to get a pure a-phase perovskite.
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Figure 4.21:
X-ray diffraction (XRD) of the perovskite film with antisolvent dropping at 20 s before the
end of spin-coating.

The result of optoelectronic performance test is shown in Fig. We measure the J-V curves of
the PSCs, with the power conversion efficiency (PCE) 1.18%, fill factor 26.7%, and open circuit
voltage 0.89 V. There are many reasons which may cause the low PCE of the PSC. The first reason
is concerned about the spin-coating process, which includes the dropping time of antisolvent,
the annealing temperature and duration, which result in the existence of j-phase perovskite.
The second reason is the unoptimized thickness of the Cgy and BCP. In the future, we will opti-
mize the spin-coating process and thicknesses of different layers to realize better optoelectronic
performance, which includes PCE, fill factor, operation stability, etc.
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Figure 4.22: J-V curve of the perovskite solar cell.

[1] M. A. Green, A. Ho-Baillie, H. J. Snaith, Nat. Photonics 8, 506 (2014)

[2] X. Shen, B. M. Gallant, P. Holzhey, J. A. Smith, K. A. Elmestekawy, Z. Yuan, etc, Adv. Mater. 35,
2211742 (2023)

[3] W. Zhang, X. Guo, Z. Cui, H. Yuan, Y. Li, W. Li, X. Li, J. Fang, Rev. Sci. Instrum. 36, 2311025 (2024)
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Figure 4.23:

a) a) Typical device architecture for a PSC in n-i-p structure and b) photograph of an example

n-i-p PSC fabricated within this project.

From all the tested solar cells in this project, the p-i-n perovskite solar cell is the more efficient
one having a PCE value of around 23% as shown in Fig. [f.24 which can be considered good be-
cause nowadays the perovskite solar efficiency is typically above 25% in single junction devices
[5]. In addition, this configuration shows lower degradation compared with the other tested

solar cells.
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Figure 4.24: Mean of P CE for p-i-n PSC during thermal cycling between —100° C to 100° C

To get as close as possible to the space conditions of LEO, which is where most satellites are
located, the experiment can be done using an LED light with a spectrum closer to solar spectra.

In this direction more work is ongoing.

1] Z.Shi, A.H. Jayatissa, Materials 11, (2018)

2] V.Romano, A. Agresti, R. Verduci, G. D’Angelo, ACS Energy Letters 7, 2490-2514 (2022)

[

[

[3] T.Patrick Vacuum 31, 351-357 (1981)

[4] J. Yang, Q. Bao, L. Shen, L. Ding Nano Energy 76, (2020)
[

5] N.K. Elangovan, R. Kannadasan, B. Beenarani, M.H. Alsharif, M.K Kim, Z. Hasan Energy Reports

11, 1171-1190 (2024)
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4.11 Novel Thin-Film Solar Cells on a Rocked Flight

S. A. Wegener, C. Dreif8igacker!, T. Voigtmann', P. Miiller-Buschbaum

! DLR, Oberpfaffenhofen, Germany

Perovskite solar cells representing an emerging class of solar cells that are named according to
the crystal structure of their active layer. This perovskite active layer is commonly composed of
lead, halides such as iodide, chloride, and bromide, and cation that is represented by cesium or
molecules like formamidinium or methylammonium. Together they build the perovskite ABX3
structure.

The perovskite active layer is what gives the solar cell its unique properties. Due to the direct
bandgap the material has a very high optical absorbance, which enables a solar cell thickness of
less than one micrometer. The active layer is surrounded by two blocking layers and electrodes.
With this structure combined with optimal matched layer properties, perovskite solar cells have
already achieved up to 25% efficiency [1]. This is comparable to top state of the art silicon solar
cells.

Because of their low thickness and from this resulting superior power to weight ratio these
solar cells also gained attention for space applications. Besides, several experiments showed a
high tolerance against radiation.
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Figure 4.25: I-V-scan of perovskite (red) and organic (blue) solar cell collected during the flight.

In November 2024 we performed in space testing of the mentioned perovskite and also organic
solar cells for the third time at our chair [2, 3]. The experiment was done on the MAPHEUS-15
sounding Rocket from German Aerospace Center (DLR). The cells were electrically charac-
terized during the flight that took about 8 minutes and reached an altitude of 308 km. This
is already close to a low earth orbit. For the first time, we used four optical spectrometers to
measure the absorbance of the solar cells. The full measurement setup was in-house developed
at the TUM physics department.
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Figure 4.26:
Measuremnets of transmited light through a) perovskite and b) organic Solar cell, c) picture
of rocked during communication tests.

The setup consists of eight similar modules that each contain two solar cell samples. Each sam-
ple has eight solar cell pixels. So, 128 solar cells were measured overall. Every second module
contained a spectrometer. So also, each of the four evaluated solar cell types was characterized
by its optical absorbance. To protect the solar cells from aerodynamic pressure during the launch
they are mounted behind quartz glass windows. These windows caused some challenges dur-
ing the first two flights. The high velocity of the rocket in the atmosphere causes the nosecone of
the rocket to produce soot, which accumulates at the glass windows. This soot coverage could
be significantly reduced due to a new more aerodynamic window design.

Figure shows the measured I-V-curves for an organic and a perovskite solar cell measured
during the space flight. The perovskite cell shows the higher PCE, which is mainly caused by
the higher voltage. Additionally, the measured light spectrum behind the solar cells shows a
high absorption of the light with a wavelength lower than 700nm (figure[4.26). The organic so-
lar cell in contrast showed a higher transparence on a broader spectrum with is caused by the
different external quantum efficiencies of Perovskite and organic solar cells.

The next steps for the Project will be a full reconstruction of the trajectory of the rocket to calcu-
late the sun inclination angle on the solar cells and a detailed precharacterization of the samples.

[1] J. Jeong, M. Kim, J. Seo, H. Lu, P. Ahlawat, A. Mishra, J. Y. Kim and others, Nature 592, 381-385
(2021).

[2] L. K. Reb, M. Bohmer, B. Predeschly, S. Grott, C. L. Weindl, G. I. Ivandekic, P. Miiller-Buschbaum
and others, Joule 4, 1880-1892 (2020).

[3] L. K. Reb, M. Béhmer, B. Predeschly, S. Grott, C. Dreifligacker, J. Drescher, P. Miiller-Buschbaum
and others, Rev. Sci. Instrum. 92 (2021).
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Figure 4.28:
a) Example of a freshly fabricated PSC module comprising eight individual solar cells and
b) PCE distribution of PSC samples.

ITO layer after a 10-minute O plasma treatment to enhance its hydrophilicity. Two candidates
for the HTL in p-i-n structured PSCs, 2PACz and PTAA, are considered; PTAA is chosen due to
its superior compatibility with DMF/DMSO [3]. The selected perovskite material, FAPbI;s, has a
band gap of 1.41-1.51 eV. The perovskite layer is prepared using the two-step method: Pbl, and
FAI are sequentially spin-coated onto the substrate. The ETL layer and the electrode is thermal
evaporated on top of the peorvskite layer, followed by layers in the order of Cgy, BCP and silver.
An example of a freshly fabricated sample is presented in Fig.

The fabricated PSCs are tested using a solar simulator at room temperature. Under a simulated
light source, the solar cells are scanned with a voltage range of -1.2 V to 0.2 V. Fig. displays
the PCE results of different PSCs. The solar cells achieve an average PCE of 4.58%, with the best
performing cell reaching 8.28%. The fill factor ranged between 13% and 67%, demonstrating the
need for further improvements in the device fabrication process. In summary, the results show a
great potential for further measurements and to continue optimizing the fabrication techniques
of the p-i-n type PSCs. The PSCs with the highest PCE will undergo additional testing in a ther-
mal cycling system to assess its performance and stability under space-like conditions. Further
experiments with the one-step perovskite deposition method are also planned.

[1] E Ma, Y. Zhao, Z. Qu, J. You, Acc. Mater. Res. 4, 716-725 (2023)
[2] H. Zhang, N. Park, DeCarbon 3, 100025 (2024)
[3] Y. Wang, L. Duan, M. Zhang, Z. Hameiri, X. Liu, Y. Bai, X. Hao, Solar RRL 6, 2200234 (2022)
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suggest that o-xylene processing leads to larger crystallite sizes and stronger intensity for
PBDB-TF-TTz, while BTP-4F-24 maintain similar crystallite intensity across both solvents.
These findings demonstrate that the crystallization behaviors in these systems are dominated
by polymer-donor molecules.

To obtain deeper insights into the phase separation, we carry out grazing-incidence small-angle
X-ray scattering (GISAXS) for the blend and individual films processed with different solvent
(Fig.[4.30p). PBDB-TF-TTz exhibits distinct GISAXS textures between solvents, while BTP-4F-24
shows nearly identical patterns regardless of solvent choice. Additionally, the horizontal line
cuts on GISAXS are conducted at the Yoneda peak position (Fig. [4.30b). Subsequently, the
corresponding line cuts are fitted by the model including three cylindrical substructures with
varying radii based on the effective interface approximation of the distorted-wave Born ap-
proximation.[3] The results signify smaller radii for all three structures in donor XY compared
to donor CB, while acceptor XY and acceptor CB shows similar domain size. In blend films,
CB processing results in larger domains compared to o-Xylene. These GISAXS results align
with our GIWAXS findings, confirming that the polymer donor predominantly determines
solvent-induced morphology.
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Figure 4.30:

a) Ex situ 2D GISAXS data, and b) the corresponding horizontal line cuts of the 2D GISAXS
data of the blend film, individual PBDB-TE-TTz (donor), and individual BTP-4F-24 (accep-
tor) with o-xylene or chlorobenzene at the Yoneda region.

[1] P. Ding, D. Yang, S. Yang, Z. Ge, Chem. Soc. Rev. 53, 2350 (2024)
[2] C.McDowell, M. Abdelsamie, M. F. Toney, G. C. Bazan, Adv. Mater. 30, 1707114 (2018)
[3] P. Miller-Buschbaum, Adv. Mater. 26, 7692 (2014)
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414 p-type PbS quantum dot ink realization via modulated solvation
H. Zhong, F. Talib, W. Chen!, P. Vezzoni?, P. Miiller-Buschbaum

1 SZTU, Pingshan, China
2 TUM, Garching, Germany

PbS colloidal quantum dots (CQDs) are promising materials for optoelectronic devices, includ-
ing lasers, photodetectors, field-effect transistors (FETs) and solar cells, which is predominantly
attributed to the tunable bandgap that allows absorption/emission wavelength ranging from
near-infrared (NIR) to mid-wavelength infrared (MWIR), and solution processability that en-
ables CQDs film on any substrates for large-scale device fabrication. To aim for the device ap-
plication, the surface functionalization of CQDs is indispensable. Nowadays, n-type PbS CQDs
ink passivated with inorganic halide ionic ligands is widely used to achieve high-performance
devices, thanks to the solution ligand exchange (SLX) method, which is based on the Derjaguin,
Landau, Verwey, and Overbeek (DLVO) theory. [1,2]
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Figure 4.31:

a) UV-Vis spectroscopy and b) FTIR spectra of CQDs solids. XPS c) S 2p and d) O 1s spectra
of the CQDs solids.

Compared to n-type ink, there are only a few works focused on p-type CQDs inks. In re-
cent years, 1,2-ethanedithiol capped PbS CQDs (PbS-EDT), prepared with solid-state ligand
exchange (SSLE) process via layer-by-layer deposition (LBL), has been the dominant p-type ma-
terials for PbS CQDs based optoelectronic devices. Apart from the tedious repetition of LBL
steps and cracked films this method caused, SSE impedes the scalable devices fabrication for
commercialization. Therefore, a few works have devoted on p-type PbS CQDs ink prepared
by liquid-state ligand exchange (LSLE). A doping strategy is used to obtain a p-type ink where
the surface of PbS QDs is initially treated with halides and then with cysteamine with thio-
late ligands.[3] Another ligand 3-mercaptopropionic acid (MPA), which confers solubility in
polar liquids with the carboxylic acid group, has also been a focus for developing PbS QD
inks.[4,5] Lately, 2-mercaptoethanol (ME), which can form the robust hydrogen bonding with
N,N- dimethylformamide (DMF)/DMSO solvent, is also applied for preparing p-type PbS CQD
inks. [6,7]
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To obtain the p-type PbS CQDs ink with short-chain molecular thiol ligands, the lack of a sta-
ble solvation mechanism in solution hinders the scalable commercialization for PbS CQDs de-
vices. The colloidal stability of CQDs in solution depends on the solvation of surface ligands.
In this work, we investigate the solvation behaviour of PbS-MPA p-type CQDs in DMF and
methanol (MeOH), which is denoted as CQDs-DMF and CQDs-MeOH, respectively. As is seen
in Fig. the p-type ink is prepared via LSLE based on the modified methods [4,5]. Notice-
ably, the ink preparation and film deposition are conducted in the ambient environment. In
Fourier-transform infrared (FTIR) spectroscopy (Fig.[4.31h.), the reduction of the CH2 stretching
peak confirms the removal of oleic acid ligands, and the emergence of the C=0O stretching peak
indicates the bonding of the PbS CQDs surface with thiol groups of MPA ligands. In UV-Vis ab-
sorption spectroscopy (Fig.[4.31p.), both methods can successfully obtain the p-type CQDs film
with pronounced exciton peaks. The more confined and red-shifted peak in the CQDs-MeOH
sample indicates a stronger electronic coupling and more monodisperse CQDs compared to the
CQDs-DMF sample. Additionally, X-ray photoelectron spectroscopy (XPS) reveals the surface
passivation of CQDs. As is seen in Fig. .31}, the unbound thiol at 164 eV indicates that MeOH
solvent can offer a better surface passivation for the (100) facets in the PbS QDs. Moreover,
the lower intensity of the Pb-OH species at 532 eV implies fewer surface defects in the CQDs-
MeOH samples (Fig. £.31d). The device performance of PbS CQDs can be further investigated
to connect its relations to the chemical passivation and inner structure.

[1] M.A. Boles, D. Ling, T. Hyeon, D.V. Talapin, Nat. Mater. 15, 364-364 (2016).

[2] M. Liu, O. Voznyy, R. Sabatini, EP. Garcia de Arquer, R. Munir, A.H. Balawi, E.H. Sargent, Nat.
Mater. 16, 258-263 (2017).

[3] M.J. Choi, S.W. Baek, S. Lee, M. Biondi, C. Zheng, P. Todorovic, E.H. Sargent, Adv. Sci. 7, 2000894
(2020).

[4] H. Aqoma, S.Y. Jang, Energy Environ. Sci. 11, 1603-1609 (2018).
[5] E Ahmed, J.H. Dunlap, PJ. Pellechia, A.B. Greytak, Chem. Commun. 57, 8091-8094 (2021).
[6] C.Wang, Q. Wu, Y. Wang, Z. Wang, H. Li, X. Li, X. Zhang, Adv. Funct. Mater. 34, 2315365 (2024).

[7] M.J. Choi, S.W. Baek, S. Lee, M. Biondi, C. Zheng, P. Todorovic, E.H. Sargent, Adv. Sci. 7, 2000894
(2020).
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5 Polymer-hybrid systems
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5.1 Biopolymer-templated deposition of hierarchical 3D-structured graphene ox-
ide/gold nanoparticle hybrids for surface-enhanced Raman scattering

Y. Guo!, P. Miiller-Buschbaum, S. V. Roth!2

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

Cellulose has emerged as a promising bio-based template for sensors, smart windows, and
bioelectronics [1]. Typically, Surface-Enhanced Raman Scattering (SERS), an advantageous
analytical technique, allows for the rapid detection and structural analysis of biological and
chemical compounds through their spectral patterns in nanotechnology [2]. Thus far, two
main mechanisms of SERS have been identified: electromagnetic enhancement (EM) and
chemical enhancement (CM). CM is closely related to charge transfer between the substrate and
molecules. EM arises from the amplified electromagnetic field induced by localized surface
plasmon resonance (LSPR) around noble metal nanoparticles (NPs). Strong near-field coupling,
i.e., hot spots, can occur between two metal NPs and the SERS signal can be improved by
increasing the density of hot spots. In this work, we present a route for fabricating cellulose
nanofibril (CNF) films loaded with gold nanoparticles (Au NPs) and graphene oxide (GO) to
serve as SERS substrates. All layers are fabricated subsequently by layer-by-layer spray-coating
followed by annealing. Compared to two-dimensional (2D) SERS substrates, incorporating
CNF substrates as three-dimensional (3D) templates ensures a more uniform distribution of Au
NPs, and thermal annealing further induces more hotspots by partial sintering. These hybrid
3D structures composed of Au NPs/GO significantly enhance the SERS sensitivity due to the
synergistic effects of EM and CM. Therefore, our approach introduces an effective and scalable
strategy for fabricating sensitive SERS substrates.

Mixture: -5 7.

aCNFIAuGO =7, " aMisture .
v 1% omatd

Figure 5.1:

SEM images of pristine Au NP sprayed on silicon and CNF-based thin films: a,e)Au NP on
sprayed Si (“Au”); b,f) Au NP on CNF film (“CNF/Au”); ¢,g) GO and Au NP on CNF film
(“CNF(Au/GO”); d,h) mixture of Au NP, GO and CNF on Si (“Mixture”). a-d) show the
pristine samples, e-h) those after annealing.

The surface morphology of the pristine, sprayed samples and the corresponding annealed
samples is shown in Fig. Clearly, the distribution of Au NPs varies across these samples.
Specifically, it can be observed that Au NPs directly spray-coated onto silicon wafers lead to
a relatively high quantity of aggregates (Fig. 5.1p). In contrast, CNF/Au and CNF/Au/GO
samples exhibit a morphology where the Au NPs are homogeneously and densely distributed
on the surface of the CNF films (Fig. [5.1p,c). The nano-porous network of CNF could favor a
uniform Au NP assembly by sterically inhibiting Au NP agglomeration in the CNF/Au sample.
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This suggests that the CNF thin film can serve as a 3D scaffold, enabling a more homogeneous
distribution of Au NPs. In the case of the annealed samples, (Fig. ,g,h), the annealed Au
NP sample forms more elongated agglomerates, and the CNF/Au sample undergoes signifi-
cant morphological changes with Au NPs sintering and forming larger localized aggregates,
with sizes ranging from tens to hundreds of nanometers. For the annealed CNF/Au/GO
sample, the agglomeration pattern of Au NPs mirrors that of the annealed CNF/Au samples,
exhibiting comparable sizes and distributions of Au NPs. The Au NPs sinter and aggregate
into localized larger nanoparticles, creating more hotspots in the nanogap, which is bene-
ficial for improving the SERS signal. Additionally, in the sample with the sprayed mixture
(“"Mixture”) and the corresponding annealed samples, there are no such larger localized aggre-
gates, see Fig. 5.1d,h. We relate this to a good interaction between CNF and GO resulting in
a more uniform distribution of Au NPs, leading to smaller sizes and distances between particles.

To investigate the SERS performances of our hybrid substrates, Rhodamine 6G (R6G) and
Crystal Violet (CV) are chosen as probe molecules. As shown in Fig. [5.2a,b, the main peaks
of the vibration modes are in good agreement with the characteristic SERS signals of the pure
R6G. It is worth noting that the CNF-based samples exhibit higher SERS intensity than the
pure Au sample. For the pristine samples, the CNF/Au/GO sample induces a maximum SERS
signal. Notably, after the annealing process, the intensities in the annealed sample are much
stronger than the corresponding Au, CNF/Au, CNF/Au/GO, and Mixture samples. Similar
results are observed when using CV as the analyte (Fig.[5.2|c,d). Among the annealed samples,
the highest SERS sensitivities are received on the aCNF/Au/GO sample, which follows the
identical trend: aCNF/Au/GO >aCNF/Au >aMixture >aAu.
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In the future, grazing incidence small-angle X-ray scattering (GISAXS) will be used to investi-
gate the structural evolution of Au NPs on or within the CNF layer, confirming the production
of more hotspots during the annealing process.

[1] P.Si, N. Razmi, O. Solanki, C. Pandey, R. Gupta , B. Malhotra, M. Willander, A. Zerda, Nanoscale
Adv. 3,2679-2698 (2021)

[2] 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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5.3 Emergence of hyperuniformity in 2D mesoporous structure directed by block-
copolymer assemblies

G. Pan, P. Miiller-Buschbaum

The hyperuniform system represents a recently discovered exotic state of matter that bridges
the characteristics of perfect crystals and liquids.[1] Similar to liquids or glasses, hyperuni-
form systems are statistically isotropic, featuring the absence of conventional long-range
translational and orientational order. However, these systems suppress infinite-wavelength
density fluctuations, as seen in crystals, showing a subtle, inherent order on the large length
scale.[1,2] Hyperuniform states have been identified in a wide range of equilibrium and non-
equilibrium physical and biological systems, such as maximally random jammed packings and
emulsions.[3-5] Their distinct structural properties lead to unique physical characteristics that
are unattainable in either conventional disordered or perfectly crystalline states. While most
hyperuniform materials are engineered through top-down approaches, currently, bottom-up
fabrication suffers from significant challenges with only a few successful examples.[6]

Here, the fabrication of 2D mesoporous films exhibiting hyperuniformity is proposed (Fig.[5.6).
The amphiphilic diblock copolymer polystyrene-b-polyethylene oxide is used as a structure-
directing template, which selectively incorporates inorganic precursors. The structure template
is removed by oxygen plasma to form mesoporous structures. Importantly, the nanoscale pat-
terning process, based on block copolymer self-assembling, has the potential of multimaterial
structuring templated by the block copolymer morphology, thus providing a key for studying
the properties of hyperuniform states in different materials (photonic, magnetic, plasmonic
ones, etc.).

brcer e P /}
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Figure 5.6:

Sketch of mesoporous film fabrication templated by block copolymer self-assembly. Block
copolymer micelles can be loaded with various precursors, thus accessing many kinds of
materials.

Fig. shows the SEM image of the two dimensional mesoporous film, featuring a pore size of
around 27 nm. According to the SEM image, there are many small domains of mesopores on the
2D mesoporous film. The 2D Fast Fourier Transform (2D FFT, Fig. ) shows three concentric
diffuse rings, indicating no orientational order but some translational order. A high degree of
order in the material system translates into distinct spatial frequencies in the Fourier transform,
and thus, well-defined spots can be found in the 2D FFT image. With compartmentalization
and translational rotation of individual domains, the spots blur into rings, which is the case here.
The power spectral density function (Fig.[5.7c) confirms the translational ordering. However, the
bond angle plot (Fig. ) shows an isotropic angular distribution. The bond angle is calculated
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based adjacent pore-pairs and indicates the relative positional information of adjacent two pore-
pairs. This contradiction between the orientational disordering and translational ordering is
actually from the hyperuniformity of the system. The mesopores have short-range translational
correlations but the system suppress density fluctuations of mesopores at long wavelengths,
exhibiting hyperuniformity.
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Figure 5.7:

a) SEM image of mesoporous film prepared from block copolymer templated sol-gel synthe-
sis: only short-range topological order is observed. b) The corresponding 2D-FFT pattern.
c) Power spectral density function extracted from the SEM image. The peaks in the spectra
come from the Fourier transform of the structures, indicating ordered characteristic struc-
tures. d) Bond angle plot extracted from the SEM image, indicating isotropic bond angles.
The bond angle distribution looks at the angular dependence of the nth neighbor, in this
case, the nearest neighbor.

[1] S. Torquato, Phys. Rep. 745, 1-95 (2018)

[2] C.E. Zachary, S. Torquato, J. Stat. Mech.: Theory Exp. 12, P12015 (2009)

[3] R. Kurital, E. R. Weeks, Phys. Rev. E 84, 030401 (2011)

[4] J. H. Weijs, R. Jeanneret, R. Dreyfus, D. Bartolo, Phys. Rev. Lett. 115, 108301 (2015)
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6.14 Stabilizing LiNi; ;Co,2Mn, 30, at 4.6 V and boosting its capacity via ultra-thin
Al;O; layers

Z.Xu, X. Fan!, Y. Xia!, Y. Cheng!, P. Miiller-Buschbaum
1 NIMTE, Ningbo, China

As a core technology of electric vehicles (EVs), lithium-ion batteries with high energy density,
safety and long cycling life, are being intensively developed, driven by the growing demand ap-
plications of the EVs. Ni-rich layered cathode materials (LiNi,Co,Mn.O2, x+y+z=1) have gar-
nered significant attention from both academia and industry due to their high theoretical capac-
ity and elevated working voltage. Increasing the working voltage of the LiNig 5Cog 2Mng 30
(NCM523) cathode to 4.6 V can further enhance its specific capacity as well as energy density,
and improving the utilization of lithium ions within the NCM523, thus solidifying its advan-
tages over other cathode materials. However, this higher voltage (e.g. 4.6 V) compromises its
cycling stability, making it less suitable for real-world applications. At high voltages, on the one
hand, excessive decomposition of carbonate electrolyte solvents and the formation of an overly
thick cathode-electrolyte interface (CEI) layer are promoted, On the other hand, the lattice oxy-
gen in the NCM lattice is continuously lost, resulting in structural collapse and irreversible
phase transitions.

Constructing a stable CEI layer is an effective strategy to achieve good electrochemical kinet-
ics by inhibiting oxidative decomposition of the carbonate- based electrolyte. To achieve this
goal,we present a method to modify the cathode electrode containing the Ni-rich layered mate-
rials (Herein: NCM523). By applying an ultra-thin Al,Os layer measuring 0.4 nm in thickness,
the enhanced cathode electrolyte interphase (CEI) layer significantly improves the structural
stability of NCMb523, particularly at high oxidation potential ( 4.6 V).
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Figure 6.25:

a) Schematic top-view representation of the ALD set-up, b) picture of the overall system,
c) glass wool covered vacuum chamber, d) schematic diagram of the formation process of
NCMb523@xAl, 05 electrode.

As showed in Fig [6.25p-c, the pristine NCM523 electrodes are placed in the reaction chamber.
Pre-pumping and heating of the chamber and block manifold until reaching <0.04 mbar, 130



ANNUAL REPORT 2024 CHAIR FOR FUNCTIONAL MATERIALS 107

°C and 50 °C, respectively. Trimethyl aluminum (TMA, 98 %, Strem) and hydrogen peroxide
(H202, 30 wt% in water, Sigma Aldrich) are used as Al and O precursors, respectively. All
precursors are loaded in stainless steel cylinders. TMA and H>O; precursors are heated at 30
°C, then the N flow rate is adjusted to 20 mL min~!, yielding a background pressure of 0.17-
0.20 mbar. Then, the ALD Al;O3 reaction cycle is decoupled in the following steps: (1) 10 s of
pumping time, (2) 0.1 s TMA pulse, (3) purging the chamber with the pure nitrogen flow for 15
s, which is enough to attain the background pressure and remove by-products, (4) 0.5 s H,O»
pulse, (5) purging the chamber with the pure nitrogen flow for 15 s, which is enough to attain
the background pressure and remove by-products. This sequence constitutes an ALD cycle.
The samples are denoted as NCM523@xAl,O3, where x is the number of ALD cycles. Schematic
diagram of the formation process of NCM523@xAl>O3 electrode is shown in Fig. [6.25d.
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Figure 6.26:
Cycling performance (a) and rate performance (b) of NCM523||Li and NCM523@2A1,03||Li
half-cells at 2.8-4.6 V.

Cyclic stability is an important factor in improving the driving range of electric vehicles. Fig.
shows the performance of NCM523||Li and NCM523@2A1,03||Li half-cells at a rate of 1 C
(1 C =170 mA g 1) for 200 cycles between 2.8 V and 4.6 V. The initial NCM523 electrode shows
a discharge specific capacity of 150 mAh g=! at 1 C, and the discharge specific capacity of 95
mAh g1 after 200 cycles (capacity retention 63%). In contrast, the NCM523@2A1,05 electrode
exhibits a discharge specific capacity of 163 mAh g~!, which still maintains at 136 mAh g~!
after 200 cycles (capacity retention 83%). It is observed that the NCM523@2Al1,03 electrode
has a higher reversible capacity and capacity retention than the pristine NCM523. The results
indicate that the AlyO3 coating through 2 cycles of ALD deposition helps to alleviate the capacity
fading of NCM523 at 4.6 V, and the ultra-thin The Al,Os layer does not sacrifice the capacity of
NCM523 cathode. The impact of the ALD coating on the rate performance of the NCM523
cathode between 2.8 V and 4.6 V is investigated (Fig. [6.26p) with the current densities increased
sequentially from 0.2 C, 0.5C,1C, 2 C to 5 C, and then returned to 0.2 Cand 1 C (1 C =170
mA g™ 1). Since the diffusion rate of cathode lithium-ions is lower at higher current densities,
the discharge capacity decreases with increasing current density. The capacities of NCM523 and
NCMb523@2A15,03 electrodes at rates of 0.2 C,05C,1C,2C,5C, 0.2 C and 1 C are 204 (187),
187 (182), 173 (170), 153 (153), 137 (131), 63 (81), 186 (183) and 153 (154) mAh g~!, respectively.
However, a clear difference is found at 5 C rate, where the NCM523@2A1,03 electrode exhibits a
higher capacity (23% improvement) than the pristine NCM523 electrode, and again returns to a
small current (0.2 C and 1 C), the NCM523@2Al,03 electrode shows better recovery properties.
The results show that only 2 cycles of ALD Al;Os is sufficient to improve the cycling and rate
performance of the single crystal NCM523 cathode at 4.6 V.
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7.3 Ternary hybrid thin films containing mixed magnetic nanoparticles investi-
gatzed investigated by in situ GISAXS

C. R. Everett, A. Lak!, M. OpelQ, F. Hartmann®, M. Bitsch®, M. Gallei?,
M. Schwartzkopf4, P. Miiller-Buschbaum

TU Braunschweig, Braunschweig, Germany

% Bayerische Akademie der Wissenschaften, Garching, Germany

3 Saarland University, Saarbriicken, Germany

4 DESY, Hamburg, Germany

Ternary hybrid films consisting of a diblock copolymer (DBC) and two types of nanoparticles
(NPs) are interesting nanocomposites because of the synergistic combination of the properties of
the relevant constituents and expand the functionality of traditional binary DBC/NP systems.
DBCs are polymers composed of two chemically distinct blocks, and in the case of amphiphilic
block copolymers, these materials undergo microphase separation when deposited out of solu-
tion as thin films, and it is possible to achieve nanostructured thin films with spherical, cylindri-
cal, gyroid, or lamellar domains. [1] The morphology of the final thin film can be manipulated
and controlled by tuning the volume ratio of the two blocks or by changing the segregation
strength of the copolymer, which is dependent on the block-block interaction parameter (x) and
the number of repeating units (N). In addition to morphology tuning, tuning of the domain
sizes is possible by varying the molecular weight of the polymer, with an increase in molecular
weight corresponding to an increase in domain size. The tunability of DBC thin films makes
them attractive for use as scaffolds and templates for inorganic materials such as NPs. [2] NPs
demonstrate unique size-dependent properties, and in the case of magnetic NPs, NP size can
influence the resulting magnetic properties of the material. Furthermore, through the combi-
nation of two different types of magnetic NPs, specific tuning of the magnetic behavior of a
nanocomposite can be realized.

In this work, we focus on the synthesis of ternary DBC/NP thin films containing two differ-
ent types of NPs (DBC/NP1/NP2). Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA),
nickel NPs (Ni) coated with short PMMA-like ligands, and cobalt ferrite NPs (CoFe,O4) coated
in oleic acid ligands were chosen for the investigated system. The NPs were coated in ligands
to control the localization of the NPs into a specific polymer domain. This is typically accom-
plished by decorating the NPs with ligands that are chemically similar to one block, thus driving
the localization of the nanoparticles to that block [3]. Thin films with varying NP concentrations
were are printed from the solution in a one-step slot-die coating process. The morphology evo-
lution of the hybrid magnetic thin films is monitored with grazing-incidence small-angle X-ray
scattering (GISAXS) during the drying process.
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Figure 7.5: 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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The 2D GISAXS images data of the dry films after the printing process for the investigated
DBC/NP systems are shown in Figure Fig. : no NPs, 2 wt% CoFe,Oy, and 2 wt% Ni with
2 wt% CoFe;Oy4. Furthermore, fitted line cuts taken from the Yoneda region of the thin films
are shown in Figure Fig. [7.5b. From the 2D GISAXS data, it is possible to extract information
about the polymer template, including the size of the polymer domains and the spacing
between the domains. As NPs are added to the films, changes in the GISAXS patterns are
observed, particularly seen through the appearance of scattering intensity at large g, values,
corresponding to the presence of individual NPs and NP aggregates. From the fitted lines cuts
in Figure Fig. [7.5b, the incorporation of the NPs into the DBC template is confirmed for both
the binary film and the ternary film as the structural information of the polymer shows no
significant changes.

The functionality and magnetic properties of the binary and ternary films are investigated using
a superconducting quantum interference device (SQUID) magnetometer. Figure Fig.|[7.6|shows
the temperature-dependent behavior of the saturation magnetization, M, remanence, M;, and
coercivity, H, for the ternary and binary films. Due to the presence of more NPs in the ternary
system, M is higher for the ternary film than for the binary film. Furthermore, M, and H. are
enhanced when compared to the binary film but still demonstrate the expected temperature-
dependent behavior and decrease as the temperature is increased. The successful fabrication of
ternary hybrid films containing two types of magnetic NPs highlights the potential for the tun-
ing of the magnetic properties of such films, making them attractive for application in magnetic
sensing or magnetic storage applications.
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Figure 7.6: Saturation magnetization (Ms), remanence (M;), and coercivity (H.) of the binary
hybrid film containing only CoFe,O4 NPs and ternary hybrid film containing both CoFe,Oy4
NPs and Ni NPs measured at five different temperatures. The ternary film shows enhanced
magnetic properties as compared to the binary hybrid film.

[1] H. Hu, M. Gopinadhan, C. O. Osuji, Soft Matter 10, 3867-3889 (2014)

[2] W. Cao, S. Xia, X. Jiang, M. Appold, M. Opel, M. Plank, R. Schaffrinna, L. P. Kreuzer, S. Yin,
M. Gallei, M. Schwartzkopf, S. V. Roth, P. Miiller-Buschbaum, ACS Appl. Mater. Interfaces 12, 7557-
7564 (2020)

[3] B.]J. Kim, ]J. Bang, C. J. Hawker, J. J. Chiu, D. J. Pine, S. G. Jang, S. Yang, E. J. Kramer, Langmuir 23,
12693-12703 (2007)
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7.4 Influence of humidity-induced morphology changes of beta-lactoglobulin tem-
plated titania hybrid thin films on the Seebeck coefficient

L. F. Huber, S. Bernstorff!, P. Miiller-Buschbaum

1 Elettra, Trieste, Italy

Fossil fuels still comprise the majority of electricity production around the world. [1] With typi-
cal energy conversion efficiencies between 30% and 50 % for state-of-the-art heat engines, most
of the primary energy is lost to waste heat. [2] This represents tremendous potential for energy
generation using the thermoelectric effect. The Seebeck effect enables the conversion of low-
grade waste heat into usable electrical power. Nanostructuring has the potential to significantly
improve the thermoelectric figure of merit ZT. Nanostructured titania can be achieved using
biotemplating. In this work, we focus on the use of solution-based production and meniscus-
guided slot-die coating [3] to emphasize scalability and mass production. Additionally, we sub-
stitute currently used toxic and scarce metal-based thermoelectric materials with abundant and
environmentally friendly biohybrid materials. For this, we have chosen S-lactoglobulin (BLG)
as the templating material to nanostructure titania thin films. Carbon black nanoparticles are
also added to improve the electrical conductivity. BLG, a whey protein from cow and sheep
milk, stands out due to its water solubility, non-toxicity, and pH-dependent structural changes.
[4] However, the presence of BLG in these hybrid films introduces sensitivity to ambient humid-
ity, as water molecules can be adsorbed by the films, causing the BLG components to swell. This
swelling alters the morphology, leading to degradation of the hybrid films, which is potentially
detrimental to their functionality in the aforementioned applications. Therefore, understanding
and preventing this degradation is crucial.
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Figure 7.7:

Evolution of the Seebeck coefficient during 4 hour operando measurement at different rela-
tive humidity values.
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To investigate the mesoscale structural changes induced by humidity, X-ray scattering tech-
niques such as grazing incidence small angle X-ray scattering (GISAXS) can be used. Operando
GISAXS experiments are performed at the Austrian SAXS beamline at ELETTRA synchrotron.
Simultaneously, the Seebeck coefficient is measured to compare the structural changes during
operation, with changes in the thermoelectric performance. A strong reduction in the Seebeck
coefficient can be observed even at low levels of relative humidity (Fig. . Reducing the
relative humidity from 50 % to 20 % does not lead to a significant recovery in the Seebeck coeffi-
cient. The total reduction of the Seebeck coefficient of almost 60 % coincides with morphological
changes seen in Fig. Here, structural changes can also be observed at 20% relative humidity.
However, even higher levels of relative humidity seem not to influence the thin film morphology
further. A reference measurement of the Seebeck coefficient at 10 % relative humidity shows no
significant change. Therefore, the structural changes induced by the increased humidity cause
a decrease of the Seebeck coefficient.
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Figure 7.8:
Modelling results for in operando GISAXS measurements at different relative humidity lev-
els.
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bahn,L. K. Reb,]. Rubeck,M. Schwartzkopf,S. V. Roth,P. Miiller-Buschbaum, Rev. Sci. Instrum. 95,
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7.6 Thermal cycling of printed organic solar cells
C. G. Lindenmeir, S. Bernstroff!, P. Miiller-Buschbaum

! Elettra, Triste, Italy

Organic solar cells (OSCs) have received a lot of attention in recent years because of their non-
toxicity, high absorbance, quick energy payback times, and high efficiencies achieved in just a
few years of research. Furthermore, OSCs are especially interesting due to their simple solution-
based production process, which enables thin and flexible solar cells. Especially slot-die printing
is a very promising fabrication approach because it is fast, causes low waste, and is easily up-
scalable [1], making OSCs even more viable for future applications like being used in space.
Space application is particularly promising for OSCs since they are lightweight, thin, and have
a far higher power-to-weight ratio than commercially available gallium arsenide solar cells [2].
This lowers the cost of a rocket launch drastically. OSCs have already proven to work in space
for a short period of time [3]. However, the harsh circumstances found in space, including high
vacuum, radiation, and extremely high temperatures, are expected to cause the OSCs to degrade
quickly. Thus, in this study, we examine how printed OSCs are affected by extreme tempera-
ture variations ranging from 0 to 120 °C. Using operando grazing incidence small-angle X-ray
scattering (GISAXS), we investigate their degradation process.

In the first part of this work, we look at the temperature influence on OSCs. Therefore, we track
the power conversion efficiency (PCE), the fill factor (FF), the short circuit current (Isc), and the
open circuit voltage (Voc) during cycling the temperature sinusoidally from 0 to 120 °C with
increasing amplitude. With increasing temperature also the PCE, the FF, and the Igc are rising,
which can be seen in Fig.[7.11]a), b) and d) respectively. On the other hand, the Voc is decreasing
with higher temperatures, which can be seen in Fig. c).
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Figure 7.11:
Electronic properties of an organic solar cell during thermal cycling: a) PCS, b) FE in ¢) Voc,
and d) Isc. The temperature curve is plotted in red.

To gain a better understanding of the influence of temperature cycling on the organic active
layer, operando grazing incidence small-angle X-ray scattering (GISAXS) is performed to gain
information about structure changes in the film during operation and temperature cycling.
GISAXS data are always taken at the extrema of the temperature curve, and the horizontal line
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7.7 In-situ observation of quasi-2D wide-bandgap perovskites under light and
rapid thermal cycling

K. Sun, M. Schwarztkopfl, P. Miiller-Buschbaum
! DESY, Hamburg, Germany

To further boost the power conversion efficiency of perovskites solar cells (PSCs), tandem
solar cells are applied by integrating wide-bandgap perovskites (= 1.7 eV) with other mature
narrow-bandgap solar cells, e.g., c-Si and CIGS. However, three-dimensional wide-bandgap
perovskites with mixed halides suffer from phase separation under light and heat conditions,
limiting their solar cells performance and operational stability. Previous studies suggested that
reduced dimensionality (n) can effectively suppress ion migration and therefore phase segrega-
tion [1]. Reduced-dimensional perovskites (RDPs) can be categorized into two representative
classes: Ruddlesden-Popper (RP) (A5 A,,—1 B, X3,+1) and Dion-Jacobson (D]) (RA,—1BnXsn+1),
where the inorganic slabs separated by bulky organic spacers (A’, monovalent organic spacers;
R, divalent organic spacers), and n refers to the number of inorganic layer sheets. In addition,
it is suggested that the organic spacers dictate the ion migration in mixed-halide RDPs.
Nevertheless, a study of comparing different categories of RDPs with higher dimensionality (n
>1) under light thermal cycling is still missing.

Herein, we monitor the wide-bandgap RP (BAxMA3Pbsy(IpeBroa)i3) and DJ
(PDMA)MA3Pby(lo.cBro.a)13) perovskites under light illumination and rapid thermal
cycling by in-situ grazing-incidence wide-angle X-ray scattering (GIWAXS), where BA and
PDMA refer to butylammonium and 1,4-phenylenedimethanammonium, respectively. We find
that the wide-bandgap RP perovskites undergo phase separation after 3 thermal cycles, with
the out-of-plane direction being more affected. In contrast, D] perovskites are more stable
against thermal cycling comparing to that of RP perovskites. Understanding the behaviors of
wide-bandgap RP and D] RDPs under extreme conditions provide new insights for designing
new perovskite top cells in tandem applications and enhancing their stability.

RDPs are prepared via a one-step spin-coating deposition method on ITO or glass substrates.
It is often the case that a mixture of different n-phases is easily formed in RDPs during film
growth. Fig[7.13a shows the PL spectra of RP and DJ perovskite excited from the glass side,
demonstrating the presence of lower n-phase (n = 2, =~ 520 nm) in both RP and D] perovskite.
Synchrotron-based GIWAXS is utilized to monitor the structure change of RDPs under light
illumination and thermal cycling. To accelerate the degradation, we apply rapid heating and
cooling rate with one full cycle of 15 min (Fig[7.14). We observe the scattering peak oscillation
of RP and D] RDPs, corresponding to the temperature-induced lattice expansion and shrinkage.
Notably, an additional sample-to-detector (SDD) correction by calibrating the ITO peak is ap-
plied to rule out instrumental effect. In addition, the intensity of Pbl, (~ 0.9A4~1) of RP RDPs is
largely enhanced at 18 min, whereas the Pbl, peak of DJ RDPs is relatively stable under thermal
cycling, demonstrating the stability of D] RDPs against light and temperature variations. There
is a reversible phase separation (=~ 1.047!) of RP RDPs (Fig, bottom) after three thermal
cycles (= 50 min) at the maximum temperature, while this phenomenon is absent in D] RDPs.
Taken together, this indicates that D] RDPs are more stable compared to RP RDPs under light
illumination and thermal cycling.

In summary, we investigate the thermal stability of representative RP and DJ perovskites using
in-situ GIWAXS measurements. Our results demonstrate that D] perovskites are more stable
and do not undergo phase separation under thermal cycling. Thus, our work paves the way for
utilizing reduced-dimensional perovskites under extreme conditions.
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Figure 7.13:
a) Photoluminescence spectra of wide-bandgap RP and DJ films on glass, excited from the
glass side. b) AFM images of RP (left) and DJ (right), where the scale bar is 2 ym.
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Time evolution of GIWAXS data plotted as radically integrated line profiles of 2D GIWAXS
data during thermal cycling (5°C to 85°C, 15 min/cycle), where the temperature evolution
is shown in the figure. a) RP film on ITO and b) DJ film on ITO substrates. The enlarged
time-resolved GIWAXS of RP and DJ is placed underneath, with the 2D reshaped GIWAXS
data of both RP and DJ is given, showing the peak splitting of RP (red arrow) under thermal

cycling.

[1] T.L. Leung, Z. Ren, A. A. Syed, J. Popovi¢, ACS. Energy. Lett. 7, 3500-3508 (2022)
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8 Development of instrumentation and software
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8.1 Machine learning-supported analysis of time-resolved 2D GISAXS data reveals
the film formation of nanostructured titania during spray deposition

J. E. Heger, S. Dan!, Y. Zhai!, S. V. Roth!?, P. Miiller-Buschbaum

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

Nanostructured titania has a wide range of applications in energy materials, such as next-
generation photovoltaics, batteries, and the photocatalytic hydrogen generation. An important
aspect of titania applications in energy materials is the achievement of a tailored nanostructure
by means of wet-chemistry synthesis, which enables the material to be solution processible and
meets economical interests, such as large-scale deposition during spray or slot-die coating in
ambient conditions. Such wet-chemistry approaches are typically based on block copolymer
directed templating of the nanostructure but are also increasingly based on more sustainable,
aqueous biopolymer solutions. [1]
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Figure 8.1:

a) Flow diagram of 2D GISAXS analysis by the neural network. b) Domain growth for the
1 wt% and 6 wt% samples as predicted by the neural network recognizes the distinct growth
behavior and individual spray pulses.

To understand the influence of the template on the nanostructure of titania and thus being
able to control the performance of titania in applications, time-resolved characterization of
film formation using grazing-incidence small-angle X-ray scattering (GISAXS) is indispens-
able. GISAXS provides a representative picture of the sample structure and not only benefits
the understanding of nanostructured titania but also other cutting-edge topics in material sci-
ence. These include the development of highly efficient organic or perovskite photovoltaics,
where nanoscale morphology plays a crucial role in optimizing light absorption and charge
transport. Furthermore, GISAXS gives insights into the design of functional coatings for bio-
logical or medical applications, such as biocompatible surfaces for implants and antimicrobial
films. The high brilliance at the synchrotron facility enables researchers to track the fast ki-
netics of structure formation with high temporal resolution. A typical exposure period of 10
Hz and above makes it possible to capture rapid transformations during film formation based
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on solvent evaporation, crystallization, and phase separation. Consequently, a large amount
of complex data is obtained, that typically requires expert knowledge for a correct interpreta-
tion and time-consuming analysis. The required expertise, however, limits the wide range of
possible GISAXS studies in the nanoscience community and slows down further development
and innovative research. Given this challenge, an increasing focus is put on machine-learning
supported analysis of such data. [2-4] The software framework VIPR (Versatile Inverse Problem
Software Framework) aims to lower barriers for a wide range of scientists working in the field
of nanoscience to apply time-resolved characterization by in-situ GISAXS to their science cases
and efficiently use experimental time at large scale facilities. [5]

In this context, we demonstrate the potential of a neural network that was trained on synthetic
2D GISAXS data to analyze experimental, time-resolved 2D GISAXS data on the fly, thus bring-
ing immediate feedback to the user at the synchrotron. This approach aims to ensures an effi-
cient use of cost expensive beamtime and at the same time checks if the validity of the exper-
imental data is given. Here, the in-situ 2D GISAXS data was acquired during the spray depo-
sition of biotemplated titania films. Based on the amount of biotemplate (1 wt% and 6 wt%),
two different weight ratios of biotemplate and titania precursor were installed, which is known
to tailor the nanostructure of the overall composite. The experiment is based on layer-by-layer
deposition by pulsed spray coating, where a 0.1 s spray pulse was performed every 6 s for 10
times, followed by 20 s of drying time. Hence, the experiment lasted in total 80 s, and with
an exposure period of 10 Hz, a total number of 800 2D GISAXS data frames per sample were
acquired. The experimental raw data is preprocessed by cropping the data down to a certain re-
gion of interest followed by masking of hot pixels and intensity normalization (Fig. [8.1h). After
this preprocessing, the data is fed to the neural network, which was trained on synthetic data
of simulated hemispherical form factors with a constant Gaussian size distribution. The neural
network is a multilayer dense model implemented using TensorFlow Keras and consists of two
dense layers. The first dense layer has 1024 nodes with a Leaky ReLU activation function (a =
0.03), followed by a second dense layer with 504 nodes and a standard ReLu activation function.
The output layer consists of 270 units, producing a probability distribution from which the pre-
dicted weighted average radius of the mean structure size is obtained by SoftMax. The results
are presented in Fig. [8.Ib. For a total of 800 data points per sample, the neural network pre-
dicts a sigmoidal domain growth on different time scales, resulting in an overall larger domain
radius of about 12.5 nm for the 1 wt% sample compared to about 10 nm for the 6 wt% sample.
Furthermore, the neural network recognizes characteristic features of spray deposition, such as
the individual spray pulses, which are leading to a drop in size due to the altered surface condi-
tions. This prediction is of crucial importance to understand the film formation and to verify a
successful spray deposition experiment. Furthermore, the neural network trained on synthetic
data shows flexibility in analyzing different kinds of experimental data, which is promising for
a straightforward application to a wide range of time-resolved 2D GISAXS data sets.

[1] J. E. Heger, W. Chen, S. Yin, N. Li, V. Korstgens, C. Brett, W. Ohm, S. V. Roth, P. Miiller-Buschbaum,
Adv. Funct. Mater. 32, 2113080 (2022)

[2] A. Hinderhofer, A. Greco, V. Starostin, V. Munteanu, L. Pithan, A. Gerlach, F. Schreiber, J. Appl.
Cryst. 56, 3 (2023)

[3] L. Pithan, V. Starostin, D. Marecek, L. Petersdorf, C. Volter, V. Munteanu, M. Jankowski, O. Kono-
valov, A. Gerlach, A. Hinderhofer, B. Murphy, S. Kowarik, and E. Schreiber, J. Synchrotron Rad. 30,
1064 (2023)

[4] Z.He,]. Liitgert, M. G. Stevenson, B. Heuser, D. Ranjan, C. Qu, D. Kraus, High Power Laser Sci. Eng.
12, e46 (2024)

[5] https://vipr-project.de/en/home
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9 Teaching and outreach

9.1 Lectures, seminars and lab courses

Lectures, seminars and lab courses Spring Term 2024

e Prof. Christine Papadakis, PhD
Angewandte Physik: Polymerphysik 2

e Prof. Christine Papadakis, PhD
Materialwissenschaften

e Prof. Dr. Peter Miiller-Buschbaum, Prof. Dr. Christian Grofse
Mess- und Sensortechnologie

e Prof. Dr. Peter Miiller-Buschbaum,
Nanostructured Soft Materials 2

e Prof. Dr. Winfried Petry
Physik mit Neutronen 2

e Prof. Dr. Peter Miiller-Buschbaum, Prof. Christine Papadakis, PhD

Bachelor-Seminar: Funktionelle weiche Materialien

e Prof. Dr. Peter Miiller-Buschbaum
Seminar: Current Problems in Organic Photovoltaics

e Prof. Dr. Bastian Markisch, Prof. Dr. Peter Miiller-Buschbaum,
Dr. Christoph Morkel, Prof. C. Pfleiderer
Seminar: Neutronen in Forschung und Industrie

e Prof. Dr. Peter Miiller-Buschbaum, Prof. Christine Papadakis, PhD

Seminar: Polymers

e Prof. Dr. Peter Miiller-Buschbaum, Prof. Christine Papadakis, PhD

ProSeminar: Structure and Dynamics of Condensed Matter
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9.2 Conferences and public outreach

Heinz Maier-Leibnitz Zentrum (MLZ)
Machine Learning Conference for X-Ray and Neutron-Based Experiments
Biirgerhaus Garching, April 8 — 10, 2024
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9.3 Service to the community
Prof. Dr. Peter Miiller-Buschbaum:

Since 01/2024 Deputy Editor of the journal ,ACS Applied Materials and Interfaces” of
American Chemical Society (ACS)

Since 11/2023 Supervising Professor “Electronic Lab” of TUM School of Natural Sciences
Since 05/2023 Member of TUM Sustainability Board

Since 10/2021 Head of Network of Renewable Energies (NRG) by the Munich Institute of
Integrated Materials, Energy and Process Engineering (MEP) at TUM

Since 10/2021 Core Member of Integrated Research Institute (IRI), Munich Institute of
Integrated Materials, Energy and Process Engineering (MEP) at TUM

Since 1/2019 Council Member of Excellence Cluster “ORIGINS”
Since 3/2015 Member of “Advanced Light Source (ALS) Review Panel”

Since 6/2014 Member of Stanford Synchrotron Radiation Lightsource (SSRL) Review
Panel

Since 3/2012 Head of KeyLab “"TUM.Solar” of the Bavarian Research Project "Solar Tech-
nologies Go Hybrid” (SolTech) at TUM

Since 2011 German representative at the European Polymer Federation (EPF) for Polymer
Physics

Since 02/2010 Spokesman of the Energy Section of TUM Physics Department
Since 02/2010 Member of TUM.Energy

Since 2010 German Representative at the European Synchrotron User Organization
(ESUO)

Since 2008 Chairman of “"DESY Photon Science User Committee” at the Synchrotron Radi-
ation Laboratory DESY in Hamburg
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10 Publications, talks, posters, and funding
10.1 Publications

S. Alam, H. Aldosary, C. E. Petoukhoff, X. Yiang, T. Vary, W. Althobaiti, M. Alqurashi,
H. Tang, J. I. Khan, V. Nadazdy, P. Miiller-Buschbaum, G. C. Welch, F. Laquai

Thermally-induced degradation in PM6:Y 6-based bulk heterojunction organic solar cells
Adv. Funct. Mater. 34, 2308076 (2024)

S. Alam, C. E. Petoukhoff, J. P. Jurado, H. Aldosary, X. Jiang, T. Vary,

H. Al Nasser, A. Dahman, W. Althobaiti, S. P. Gonzalez Lopez, W. Alsufyani,

P. Miiller-Buschbaum, V. Nadazdy, H. Hoppe, F. Laquai

Influence of thermal annealing on microstructure, energetic landscape and device performance of
P3HT: PCBM-based organic solar cells

J. Phys. Energy 6, 025013 (2024)

J. Allwang, S. Da Vela, A. Chroni, D. Selianitis, A. Papagiannopoulos, C. M. Papadakis
Aggregation behavior and inner structure of nanoparticles from trypsin and chondroitin sulfate in
a wide pH range — implications for the design of biocompatible nanocarriers

ACS Appl. Nano Mater. 7, 18318-18328 (2024)

P. A. Alvarez Herrera, G. P. Meledam, B.-]. Niebuur, Y. Taji, L. Chiappisi, C. Henschel,
A. Laschewsky, A. Schulte, C. M. Papadakis

Effect of pressure on the micellar structure of PMMA-b-PNIPAM diblock copolymers in aqueous
solution

Macromolecules 57, 10263-10274 (2024)

E. A. C. Apfelbeck, ]. E. Heger, T. Zheng, T. Guan,

M. Schwartzkopf, S. V. Roth, P. Miiller-Buschbaum

Influence of the polymer binder composition on the charge transfer resistance, morphology, and
crystallinity of LiFePOy electrodes revealed by electrochemical impedance spectroscopy and grazing

incidence small- and wide-angle X-ray scattering
Small Sci. 4, 2400154 (2024)

D. E. Apostolides, G. Michael, C. S. Patrickios, B. Notredame, Y. Zhang, J.-F. Gohy,
S. Prévost, M. Gradzielski, F. A. Jung, C. M. Papadakis
Dynamic covalent amphiphilic polymer conetworks based on end-linked Pluronic F108: preparati-

on, characterization, and evaluation as matrices for gel polymer electrolytes
ACS Appl. Mater. Interfaces 16, 23813-23825 (2024)

Y. Bao, M. Li, H. Jin, X. Wang, J. Zeng, Y. Feng, W. Hui, D. Wang, L. Gu, J. Zhang, Y. Hua,
X. Wang, B. Xu, W. Chen, Z. Wu, P. Miiller-Buschbaum, L. Song

Directional charge carrier management enabled by orderly arranged perovskite heterodomain with
defined size for self-powered photodetectors

Adv. Funct. Mater. 34, 2404697 (2024)

J.-L. Barrat, C. M. Papadakis, C. Tsitsilianis et al.
Soft matter roadmap
J. Phys. Mater. 7, 012501 (2024)
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10.2

Talks

P. A. Alvarez Herrera, F. Zheng, P. Zhang, ]. Reitenbach, H. Amenitsch,

P. Miiller-Buschbaum, C. Henschel, A. Laschewsky, A. Schulte, C. M. Papadakis

Effect of pressure on the micellar structure of PMMA-b-PNIPAM in a water/methanol mixture
DPG Spring Meeting of the Condensed Matter Section 2024, Berlin, 17 — 22 March

E. A. C. Apfelbeck, G. E. Wittmann, L. Cheng, Y. Liang, Y. Yan, A. Davydok, C. Krywka,
P. Miiller-Buschbaum

Operando observation of local lithium-based crystallites inside the polymer electrolyte in lithium
metal batteries by nanofocus WAXS

MLZ Conference 2024: Neutrons for Energy Storage, Flrstenried, 4 — 7 June 2024

E. A. C. Apfelbeck, G. E. Wittmann, L. Cheng, Y. Liang, Y. Yan, A. Davydok, C. Krywka,
P. Miiller-Buschbaum

Operando observation of lithium dendrite growth in polymer-based batteries by nanofocus WAXS
DPG Spring Meeting of the Condensed Matter Section 2024, Berlin, 17 — 22 March 2024

E. A. C. Apfelbeck, G. E. Wittmann, L. Cheng, Y. Liang, Y. Yan, A. Davydok, C. Krywka,
P. Miiller-Buschbaum

Operando observation of the polymer electrolyte in lithium metal batteries by nanofocus WAXS
23th SAXS/WAXS/GISAXS satellite workshop of DESY Users’ Meeting, Hamburg, 22 — 24
January 2024

A. Buyan-Arivjikh, T. Baier, J. Zhang, Y. Li, G. Pan, Z. Xu, M. Schwartzkopf, S. V. Roth,
S. Vayalil, P. Miiller-Buschbaum
Effect of Perovskite Nanocrystal Nucleation Seeds on Microstructure and Crystallization Pathways

in Organic-Inorganic Halide Perovskite Thin Films
DPG Spring Meeting of the Condensed Matter Section 2024, Berlin, 17 — 22 March 2024

A. Buyan-Arivjikh, J. Fricker, Y. Li, G. Pan, M. Schwartzkopf, S. V. Roth, S. Vayalil,

P. Miiller-Buschbaum

Perovskite Nanocrystal Nucleation Seeds for Improved Microstructure and Faster Crystallization
in Organic-Inorganic Halide Perovskite Thin Films

MLZ User Meeting 2024, Munich, 05 - 06 December 2024

C. R. Everett, G. Pan, M. A. Reus, D. P. Kosbahn, A. Lak, F. Hartmann, M. Bitsch, M. Gallei,
M. Opel, M. Schwartzkopf, P. Miiller-Buschbaum

Tracking the morphology evolution of functional magnetic hybrid diblock copolymer-nanoparticle
thin films by in situ GISAXS

DPG Spring Meeting of the Condensed Matter Section 2024, Berlin, 17 — 22 March 2024

J. E. Heger, S. V. Roth, P. Miiller-Buschbaum

Training of neural networks for the analysis of grazing-incidence X-ray scattering data

23th SAXS/WAXS/GISAXS satellite workshop of DESY Users’ Meeting, Hamburg, 22 — 24
January 2024

J. E. Heger, W. Chen, H. Zhong, T. Xiao, C. Harder, F. A. C. Apfelbeck, A. F. Weinzierl,
R. Boldt, L. Schraa, E. Euchler, A. K. Sambale, K. Schneider, M. Schwartzkopf, S. V. Roth,
P. Miiller-Buschbaum

Strain-induced deformation of quantum dot superlattices in thin films on flexible substrates re-
vealed by in-situ GISAXS

DPG Spring Meeting of the Condensed Matter Section 2024, Berlin, 17 — 22 March 2024
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10.3

Posters

F. A. C. Apfelbeck, Y. Liang, Y. Yan, T. Guan, A. Chumakov, P. Miiller-Buschbaum
Monitoring the polymer electrolyte for lithium metal batteries by in situ GIWAXS
DESY Users’ Meeting, Hamburg, 22 — 24 January 2024

T. Baier, G. Pan, A. Buyan-Arivjikh, J. Zhang, Y. Li, M. Schwartzkopf, S. Koyiloth,
P. Miiller-Buschbaum

Fabrication and Characterisation of Formamidinium Lead Iodide Perovskite Nanocrystal Layers
DPG Spring Meeting of the Condensed Matter Section 2024, Berlin, 17 — 22 March 2024

T. Baier, G. Pan, A. Buyan-Arivjikh, J. Zhang, P. Miiller-Buschbaum

In Situ GIWAXS of Slot-Die Coated Perovskite Quantum Dot Thin-Films

Machine Learning Conference for X-Ray and Neutron-Based Experiments 2024, Garching,
8 — 10 April 2024

T. Baier, H. Zhong, A. Buyan-Arivjikh, J. Zhang, X. Jiang, A. Chumakov, S. Koyiloth,
P. Miiller-Buschbaum

Influence of Temperature and Light on the Structure of Lead Halide Perovskite Nanocrystals
13th SolTech Conference 2024, Nirnberg, 25 — 27 September 2024

A. Buyan-Arivjikh, J. Fricker, G. Pan, J. Zhang, Z. Xu, T. Baier, Y. Li, M. Schwartzkopf,

S. K. Vayalil, S. V. Roth, P. Miiller-Buschbaum

Perovskite Nanocrystal Nucleation Seeds for Improved Microstructure and Faster Crystallization
in Organic-Inorganic Halide Perovskite Thin Films

CeNS-e-conversion workshop at Venice International University 2024, San Servolo, Italy,
23 — 26 September 2024

M. Chatterjee, H. Zhong, P. Miiller-Buschbaum
Printing n-type PbS quantum dot ink for solar cells
DPG Spring Meeting of the Condensed Matter Section 2024, Berlin, 17 — 22 March 2024

S. Chen, Y. Zhai, J. Zhou, J. Zhang, G. Pan, L. Li, C. Everett, S. K. Vayalil,
R. A. T. M. van Benthem, ]J. F. G. A. Jansen, M. Johansson, P. Miiller-Buschbaum, S. V. Roth
Kinetics of nanostructure and interface evolution induced by photopolymerization for sub-micron

additive manufacturing
MLZ User Meeting 2024, Munich, 05 — 06 December 2024

S. Chen, C. Harder, L. Ribca, Y. Bulut, P. Miiller-Buschbaum, M. Johansson, J. Navarro,

S. V. Roth

Water-based lignin colloidal particle and cellulose nanofibrils hybrid films with UV-block ability by
spray deposition

DPG Spring Meeting of the Condensed Matter Section 2024, Berlin, 17 — 22 March 2024

L. Cheng, T. Zheng, Z. Xu, P. Miiller-Buschbaum
3D Electrodeposition of Porous Cu for long-cycling Lithium- Metal Batteries
MLZ User Meeting 2024, Munich, 05 — 06 December 2024

L. Cheng, T. Zheng, Z. Xu, P. Miiller-Buschbaum
3D Electrodeposition of Porous Cu for long-cycling Lithium- Metal Batteries
DPG Spring Meeting of the Condensed Matter Section 2024, Berlin, 17 — 22 March 2024
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10.4 Invited Talks at the Institute of Functional Materials and
Soft Matter Physics Group

e Francesco Falsina, Fraunhofer Institute for Applied Polymer Research IAP
Acetate based electrolytes: modelling and applications
17 January 2024

e Ziyan Zhang, Karlsruhe Institute of Technology (KIT)
Insight into the Cyclability of LiF-Coated LiNig.9Cog.05Mn. 0502 Cathodes in Sulfide-Based All-
Solid-State Batteries
4 September 2024

e Prof. Lakshminarayana Polavarapu, Universidade de Vigo, Spain
Colloidal Lead Halide Perovskite Nanocrystals: Surface Defects vs. Emission Properties
1 October 2024
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10.5 Funding

Deutsche Forschungsgemeinschaft:

e NSF-DFG MISSION: In-situ- und Operando-Untersuchungen von weichen Materialien an ver-
grabenen Grenzflichen
Grant Number: MU 1487 /44-1
Project Leader: Prof. Dr. Peter Miiller-Buschbaum

o Obverflichenmodifikation von Lithium-Batterie-Anoden mit multifunktionalen Block-Copolymeren
Grant Number: MU 1487/38-1
Project Leader: Prof. Dr. Peter Miiller-Buschbaum

o In-Situ Untersuchungen von Keimbildungs- und Wachstumsprozessen
Grant Number: MU 1487/39-1
Project Leader: Prof. Dr. Peter Miiller-Buschbaum

o Teilprojekt Inorganic-organic hybrid photovoltaic solar cells using novel hybrid materials im GRK
2022: University of Alberta / Technische Universitdt Miinchen Internationale Graduierten-
schule fiir Funktionelle Hybridmaterialien (ATUMS) der DFG IRTG-2022
Project Leader: Prof. Dr. Peter Miiller-Buschbaum

o Amphiphile Selbstorganisation komplett nicht-invasiv orthogonal schaltbarer Blockcopolymere
Grant Number: MU 1487 /42-1, Project Leader: Prof. Dr. Peter Miiller-Buschbaum
Grant Number: PA 771/31-1, Project Leader: Prof. Christine M. Papadakis, PhD

e Einstellbare Morphologien in diinnen Filmen aus geladenen Multiblockpolymeren
Grant Number: PA 771/30-1
Project Leader: Prof. Christine M. Papadakis, PhD

o Molekulare Biirsten mit amphiphilen thermoresponsiven Seitenketten - von der Synthese iiber
Losungen zu selbtassemblierten Gelen
Grant Number: PA 771/27-1, Project Leader: Prof. Christine M. Papadakis, PhD

Bundesministerium fiir Bildung und Forschung:
o VIPR: Vielseitiges Software Framework zur Losung inverser Probleme Teilprojekt: 5
Project Leader: Prof. Dr. Peter Miiller-Buschbaum
Bundesministerium fiir Wirtschaft und Klimaschutz/ DLR:

o Erprobung und Untersuchung neuartiger Solarzelltechnologien im Weltraum
Project Leader: Prof. Dr. Peter Miiller-Buschbaum
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11 The Chair

11.1 Staff

hair:
Prof. Dr. Peter Miiller-Buschbaum
Professor:

Prof. Christine M. Papadakis, PhD
Professor Emeritus:

Prof. Dr. Winfried Petry

Visiting Professor:

Prof. Lan Xia, PhD

Postdocs:

Dr. Julian Eliah Heger

Fellows:
Dr. Michael Leitner Dr. Neelima Paul
Dr. Wiebke Lohstroh Dr. Apostolos Vagias

Dr. Jiirgen Neuhaus
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11.2

Guests

Prof Xiaomin Xu, Tsinghua University, Shenzhen, China
16 January 2024

Prof. Dr. André Laschewsky, Universitdt Potsdam
26 June 2024

Prof. Dr. Ezzeldin Sobhi Metwalli Ali, German University in Cairo - GUC, Egypt
22 - 31 July 2024

Prof. Dr. Quan Niu, South China University of Technology, Guangzhou, China
21 August — 6 September 2024

John Garcia, M.Sc., University of Alberta, Canada
28 August — 31 October 2024

Dr. Lakshminarayana Polavarapu, Uniersity of Vigo, Spain
1 September — 30 November 2024

Dr. Deepika Gaur, University of Vigo, Spain
16 September — 16 December 2024
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11.3 Graduations

e Accomplished PhD Theses

Tianfu Guan
Unraveling Hybrid Plasmonic Nanostructures Using Advanced Scattering Technique

Julian Eliah Heger
Formation and deformation of functional (Bio)hybrid films revealed by advanced scattering methods

Yanan Li
Mesoporous structures of hybrid films based on PS-b-PEO template with TTIP and ZAD

Suzhe Liang
Formation Fundamentals and Applications of Ultra-Thin Metal Layers

Anna Lena Oechsle

Advancement of PEDOT:PSS as thermoelectric material and the investigation of environmental
influences on its performance

Ting Tian

Diblock copolymer-directed coassembly toward morphology-tunable mesoporous ZnQO films

Suo Tu

Thermoelectric properties and applications of PEDOT:PSS-based conducting polymers

Peixi Wang

Volume phase transition behaviors of thermoresponsive hydrogels

Christian Ludwig Weindl
Diblock-copolymer templated Si/Ge/C thin films as anodes in Li-ion batteries

Tianxiao Xiao
Triboelectric nanogenerators for hybrid energy harvesters and self-powered sensing systems

Accomplished Master Theses

Tarek Azzouni
Organic solar cells for space application

Mrinalini Chatterjee
The Study of N-Type PbS Colloidal Quantum Dots towards Printed Quantum Dot Solar Cells

Jan Darsow
Organic solar cells for space application: impact of mechanical stress and methods for enhanced
perfomance

Kin Long Fong
In situ GIWAXS measurements on mixed halide quasi-2D perovskite films under thermal cycling

Eric Fuchs
Experimental Study on Interdiffusion and the Kirkendall Effect in the UMo/Al Fuel System prepa-
red by Physical Vapor Deposition

Mayank Garg
Development of PEO/PVP/LiTFSI polymer electrolyte batteries for medical implants

Tannu Garg
Study of PEO-LLZTO Composite Electrolyte in All-Solid-State Lithium-Ion Batteries

Kyriaki Nektaria Gavriilidou
Synthesis and self-assembly of gold nanoparticles for optoelectronic devices
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