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ABSTRACT

Polymer-ceramic composite (PCC) coatings combine functionality with mechanical robustness and flexibility, which is attractive
for barrier coatings, membranes, or flexible electronics. Their fabrication is challenging, as conventional ceramic thin film methods
make use of polymer-incompatible high-temperature sintering. Powder aerosol deposition (PAD) offers a solvent- and sinter-
free avenue toward PCCs. An unresolved key question is how the preparation route of the composite powders dictates the PAD
film formation and microstructure. To address this, we investigated PAD deposition of the system polystyrene (PS)-titanium
dioxide (TiO,). PS particles synthesized via emulsion polymerization are combined with TiO, particles either through dry mixing,
yielding inhomogeneous powders, or through ultrasound-assisted slurry-mixing to form homogeneous powders. When deposited
on polycarbonate and steel, these powders produce fundamentally different microstructures, with organized, multilayer-like
films emerging from the inhomogeneous powders, and isotropic films from the homogeneous ones. These structural differences
correlate with variations in crystallite size revealed by X-ray diffraction, which provided new insights into the role of internal
shock absorption of the polymeric component during PAD impact. By employing a sacrificial layer, we obtained free-standing
PAD-processed PCC films, which enable accurate compositional determination by thermogravimetric analysis. The fabrication of
a100 cm? flexible coating on a PET film illustrates the scalability and potential for barrier and membrane applications. This work
provides a transferable blueprint for designing hybrid thin films by PAD with tunable properties, thus bridging between polymer
and ceramic processing.

1 | Introduction

Micrometer-thin, functional ceramic coatings, e.g., made from
titanium dioxide (TiO,), aluminum oxide (Al,0;), zirconium
dioxide (ZrO,) or silicon carbide, find applications in a variety
of fields where surface durability, strength, and hardness as well
as thermal and chemical stability are critical. Examples include

coatings with high wear and abrasion resistance (e.g., cutting
tools, engine components) [1-3], thermal barrier coatings (e.g.
gas turbines, spacecraft components) [4-6], electrically insulating
coatings (e.g. circuit boards, microchips, micro-electro mechan-
ical systems (MEMS)) [7-9], corrosion-protection coatings (e.g.
pipelines, chemical plants) [10-12], selective barrier layers (e.g.
separation membranes) [13-15], and coatings for medical devices
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(e.g. implants, surgical tools). In these applications, the ceramic
layers, which generally have a low toughness, are mechanically
stabilized by their underlying substrates [16-18].

Free-standing thin layers of ceramics or flexible, thin ceramic lay-
ers as parts of multilayer systems would be promising materials
for flexible electronics, transparent flexible dielectrics, MEMS,
barrier layers or filtration membranes. Currently, these appli-
cations are limited by the low flexibility and high brittleness
of ceramics, and in the case of multilayer systems, often also
by a low substrate adhesion under tensile or shear stress. Only
a few examples of thin, free-standing ceramic and ceramic
composite films exist [19, 20]. These include 0.2-3 um thick Al, O,
and yttria-stabilized ZrO, obtained by green film spin coating
and subsequent sintering or hot-pressing [19], or 100 nm thick
TiO,/poly(acrylic acid) composite films [20]. In these examples, a
base layer consisting of a soluble polymer was used as a sacrificial
layer, onto which the ceramic precursor layer was deposited. The
system was then either sintered at high temperatures to pyrolyze
the polymer, so that the ceramic layer would detach [19], or the
thermal treatment was limited to a lower temperature range, so
that the half-sintered film could be removed by dissolution of the
sacrificial layer, and then heated further [20].

Polymer-ceramic composite (PCC) films with a high ceramic
content can be promising alternatives to pure ceramic layers for
the above-mentioned applications, as they combine the beneficial
material properties and functionality of a ceramic component
with the flexibility and ductility of polymers. A limiting factor for
making thin polymer ceramic composite coatings, especially free-
standing ones, are the available processing methods. Convention-
ally, ceramic coatings are obtained by a combination of a sol-gel
process and sintering [7], by physical vapor deposition [6, 21], by
electrodeposition [22], or by thermal spray methods [5]. Besides
intrinsic problems in the fabrication of multilayer materials by
these methods (e.g., coating defects due to incomplete melting,
or loss of adhesion due to mismatching thermal expansion
coefficients of the coating material and the substrate), these high-
temperature processes are incompatible with polymers, which
often start to decompose around 300°C. Polymer coatings, on the
other hand, are mostly deposited from solution or obtained by
melt processing. This either requires organic solvents and can
yield defects related to dewetting phenomena (e.g., pinhole for-
mation), and/or the ceramic particles must be surface-modified
to prevent aggregation. Additionally, the ceramic particle content
islimited as it increases the viscosity of the mixture and may cause
too high wear of the fabrication equipment.

In this context, powder aerosol deposition (PAD), a solvent-free
spray technique in which particles are deposited at ambient
temperature, is an interesting alternative. PAD is typically used
for depositing ceramics to obtain thin, nanocrystalline films
without the need for sintering [23, 24]. In a typical PAD set-
up, ceramic particles are accelerated to high speeds (100-600 m
s71) through pressure differences in the set-up and collide with a
target substrate, as illustrated and explained in Figure 1 [24, 25].

Upon collision with the substrate, the ceramic particles fracture
and undergo plastic deformation. Film formation generally pro-
ceeds through an initial “anchor layer formation” phase, while
continued impacts of subsequent particles (“hammering effect”)

lead to growth and densification of the film, which can reach up
to 95% of the theoretical material density without altering the
crystal structure of the ceramics [23, 24]. This is referred to as
the “room temperature impact consolidation” (RTIC) mechanism
[23]. Although the exact mechanistic details are still under debate
[24-26], it is widely accepted that PAD operates within a specific
deposition window, defined by a lower and an upper critical
particle velocity [24, 25]. PAD studies with ceramic powders
have shown that both the native properties of the powder (i.e.,
crystallite size, particle size, and morphology) and its pretreat-
ment (i.e., sieving, drying, preheating, and milling) are critical
for the film quality and deposition efficiency [27-37]. Process
parameters (i.e., carrier gas type and flow rate) [38-45], as well
as characteristics of the substrate (i.e., roughness, hardness, and
substrate temperature) have been likewise studied [28, 46-48].

Fabrication of pure polymer films by PAD is underexplored but
can be a valuable alternative for poorly soluble or infusible poly-
mers, or other situations where solution- or melt-processing is not
viable. By co-depositing polymer and ceramic particles, PCC thin
films with variable composition can be fabricated [32, 49-64]. For
example, poly(ethylene glycol) or poly(vinylidene fluoride) was
used as a sacrificial phase in PCCs, which were then pyrolyzed to
yield a porous ceramic layer [49, 50, 53, 56]. In other systems, the
polymer content (e.g., poly(tetrafluoroethylene), poly(vinylidene
fluoride), polyethylene, poly(methyl methacrylate), or polyimide)
in the target PCCs was used to tune dielectric behavior [32, 51, 52,
55, 57, 58], or to increase surface hydrophobicity [63, 65].

There are only a few available fundamental studies of PCC films
obtained by PAD. These demonstrate that the films had less
residual stress than the corresponding pure ceramic films [51,
58], and that the surface roughness and microstructure of the
top layer could be modified [59, 62, 63, 65, 66]. An increase in
crystallite sizes in the ceramic phase of PCCs was also observed—
a consequence of the polymer phase dissipating parts of the
particles’ kinetic energy by deformation instead of fracturing
upon collision with the substrate [32, 51-53, 55, 57, 59-61, 63, 65,
67]. This is referred to as the “cushion” or “shock-absorption”
effect [51, 68].

While these studies demonstrate that PCCs produced via PAD
are promising as thin coatings with tailored material properties
and good substrate adhesion, a fundamental understanding
of how the initial powder characteristics influence the film
morphology, properties, and deposition mechanism is lacking.
In fact, obtaining suitable polymer powders for PAD is non-
trivial, which is a major reason for the current limited amount
of work on PCC fabrication by PAD. Particularly, the powder
preparation workflow of ceramic particles is not transferable to
most polymers. Mechanical powder preparation methods like
ball milling, grinding, or cut milling, the typical processes used
for ceramics, are associated with heating above the polymers’
glass transition temperature and subsequent particle aggregation
and/or particle shape changes. Therefore, the first aim of this
work was to establish a polymer and PCC powder preparation
routine for PAD. The key idea was to use polymer particles
obtained by emulsion polymerization (with an average diameter
below 1 ym and a narrow size distribution) in a “bottom up”
approach, instead of ill-defined, aggregated particles from “top
down” mechanical grinding processes. Polystyrene (PS) particles
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(a) Schematic illustration of the PAD set-up consisting of an aerosol generation unit and a deposition chamber with the substrate. These

are connected via a feedthrough that ends in a nozzle. The aerosolized particles are accelerated onto the substrate by a pressure difference between the two
chambers using a carrier gas, and deposited on the substrate [24]. Reproduced with permission, Copyright 2015, The Authors, published by Goller Verlag
GmbH. (b) Illustration of the different powder processing routines, and their impact on the resulting thin film microstructures. Left: Inhomogeneous

PS/TiO, composite powder is prepared by hand-mixing, leading to separated PS-rich and TiO,-rich areas in a multilayer-like film after PAD. Right:

Homogeneous PS/TiO, composite powder is prepared as a slurry, ultrasonicated, and freeze-dried prior to PAD. During deposition, plastically deformed

PS particles embed the partially fragmented or intact TiO, particles, forming an isotropic PCC thin film.

were used as a model system, which were then mixed with
TiO, (rutile) particles and co-deposited on polycarbonate (PC)
and steel. We established an ultrasound-based mixing method to
obtain homogeneous composite powders from these components
and could demonstrate that the morphology of the obtained PCC
coatings could be tuned by the mixing conditions, as illustrated
schematically in Figure 1b, so that either multilayer-like or
homogeneous PCC films were obtained in a one-step process.

Second, our aim was to establish a PAD procedure that yields free-
standing PS/TiO, thin films. This was so far not considered in the
PAD community because PAD films typically have particularly
good substrate adhesion. The free-standing films approach served
two purposes: For one, the proof-of-concept for the fabrication
of these materials by PAD should be highly interesting for
the MEMS, sensors, and filtration materials communities. Also,
and just as importantly, the availability of free-standing PAD-
processed PCC films would greatly simplify the characterization
of these materials, in particular their film composition. Such
studies are currently often lacking in research on surface-attached
PCCs, but are essential to investigate the effects of processing
and precursor composition on the film properties. Our method
to obtain flexible and robust free-standing PS/TiO, films by a sac-
rificial layer approach was inspired by our previous work on self-
delaminating polymer films [69, 70], and the work by Khansur et
al. [71]. These films enabled the quantitative determination of the
actual film composition via thermogravimetric analysis (TGA),
allowing for the identification of mismatches between the PCC
powder and the film composition. This, in turn, can be used to
understand the film formation mechanism. Lastly, we present
a flexible 100 cm? PCC layer made from PS/TiO, deposited on
a commercially available polyethylene terephthalate (PET) film

as a demonstrator for potential membrane applications. Thus,
the results presented below do not only give insights into the
properties of the system PS/TiO, obtained by a robust, reliable
PAD process, with potential applications as strongly adhesive
UV protection layers, barrier coatings or flexible sensors, but the
workflow can also be applied as a blueprint for the systematic
powder preparation, fabrication and study of other PCC systems
using PAD.

2 | Results

2.1 | Study Design

The aim of this study was to use PS particles obtained by
emulsion polymerization for the fabrication of PS/TiO, PCC thin
films in a robust, reproducible PAD process. As representative
substrates, polycarbonate (PC) and stainless steel were used.
We first investigated how the powder fabrication steps and the
polymer concentration affected the homogeneity of the powders
and the microstructure of the PCC films using scanning electron
microscopy (SEM). Further, we investigated how the surface and
cross-sectional morphology and thus the deposition mechanism
of the PCC films differed from that of pure TiO,. Using X-ray
diffraction (XRD) and TGA, respectively, we obtained quantita-
tive insights into the TiO, crystallite size and polymer content.
By employing a mixture of poly(sodium 4-styrenesulfonate) (PSS)
and glycerol as a sacrificial layer, a method to obtain free-standing
PS/TiO, PCC films was developed. This was not only intended
as proof-of-concept that free-standing films can be obtained
by PAD, but also gave access to PCC thin film samples for
analytical studies, especially for TGA. Finally, PET was chosen
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as a commercially available model substrate to demonstrate
larger-scale PS/TiO, PCC deposition for membrane applications.

2.2 | Powder Preparation

In light of the difficulties faced when attempting to obtain
aggregate-free polymer powders in “top down” mechanical
approaches, PS particles with a diameter of around 200 nm were
synthesized “bottom up” by emulsion polymerization, a process
which is known to yield particles with well-defined average size
and size distribution. Details of the synthesis process are given
in the Experimental Section, and the analytical data of the thus
obtained PS particles are given in the Figure S1. In short, the two
batches of particles had a mean particle size of 207 and 208 nm,
respectively, and a dispersity of 0.056 and 0.015. TiO, particles
were obtained using a classical PAD powder preparation routine
involving sieving and drying as described in the Experimental
Section. The characterization data (Figure S1) showed an average
TiO, primary particle size of about 1 um, forming small aggregates
with an average diameter of about 3 um.

The next crucial step was homogeneous mixing of the PS and
TiO, particles. The polymer particles obtained by the surfactant-
assisted emulsion polymerization process were electrostatically
stabilized and thus did not aggregate while they remained in
emulsion. However, once dried, they formed large, flake-like
aggregates containing close-packed particles (Figure S1). Thus,
it was critical to mix the PS and TiO, particles directly in the
emulsion/slurry state, followed by sonication and freeze-drying
to obtain a homogeneous powder (where homogeneous refers
to the distribution of polystyrene and TiO, primary particles in
the powder after freeze-drying). We also reversed the order of
these steps to demonstrate the impact of powder preparation
on the PAD layer morphology. We obtained an inhomogeneous
distribution of primary particles consisting of TiO, clusters and
freeze-dried PS flakes by manual mixing of the two components
as solids. (Inhomogeneous refers to the particle level, while the
distribution of the flakes and clusters within the overall powder is
quite homogeneous, Figure 1b.) For each of these powder types, a
variant with either 4 or 10 wt.% PS was prepared and used in PAD
experiments alongside pure TiO, powder as a reference system.

The SEM images shown in Figure 2 illustrate the morphology
and, to some extent, the internal structure of the homogeneous
and inhomogeneous composite powders with 10 wt.% (a-d) and
4 wt.% PS (e-h). The color coding introduced in Figure 2 is used
consistently throughout this work to represent the corresponding
analytical data for each powder type and the resulting materials.
Figure 2 indicates that in all cases, the powders consisted of
aggregates larger than 10 pm. The overall structure of these
aggregates differed markedly between the inhomogeneous and
homogeneous powders (Figure 2a,c,e,g). At higher magnification
(Figure 2b,d,f,h), further insights into the internal structure of
these aggregates can be obtained. For the inhomogeneous 10
wt.% powder (Figure 2b), a distinct separation between the PS
and TiO, components was observed. The PS domains consisted
of flake-like, close-packed assemblies of primary particles that
were surrounded by clusters of TiO, particles. These appear
to be predominantly attached to the outer surfaces of the PS
flakes. The aggregates found in the 4 wt.% inhomogeneous

powder (Figure 2f) were similar. While a quantitative comparison
between these two variants based on SEM images is not possible
(as these do not provide sufficient statistically reliable informa-
tion), what SEM clearly shows is the morphological contrast to
the homogeneous powders. These have a regular distribution
of finely dispersed PS and TiO, primary particles within the
aggregates (Figure 2d for 10 wt.% PS, and Figure 2h for 4 wt.%,
respectively).

The aggregates themselves (Figure 2c,g, respectively) appear
elongated. This shape may originate from the freeze-drying pro-
cess, possibly from the anisotropic, lamellar growth of ice crystals
during freezing. While the overall morphology of the homo-
geneous powder aggregates appears comparable, their internal
structure seems to differ slightly: aggregates in the 10 wt.% PS
powder (Figure 2d) appears to be more densely interspersed with
PS particles than those in the 4 wt.% PS powder (Figure 2h). While
the homogeneous powders almost exclusively contain the types
of aggregates shown in Figure 2, the inhomogeneous powders
feature additional aggregate morphologies as illustrated in Figure
S2. Besides TiO,-rich (Figure S2a,b) and PS-rich aggregates
(Figure S2e,f), aggregates composed solely of TiO, particles could
be found (Figure S2c,d,g,h). Overall, the SEM images demonstrate
that the powder preparation routine has a significant impact on
the polymer-ceramic aggregate morphology, which will affect the
subsequent PAD process.

2.3 | Surface and Cross-Sectional Microstructure
of PAD Films on Different Substrates

The above-described inhomogeneous and homogeneous compos-
ite powders with 4 and 10 wt.% PS, respectively, as well as the
pure TiO, powder, were each deposited on PC as a representative
soft substrate, and on stainless steel as a representative hard
substrate. For each material combination, the deposition was
performed with an optimized parameter set as described in the
Experimental section. Both the surfaces and the cross-sections
of the thus obtained PAD films were imaged by SEM (Figures 3
and 4, respectively). Figure 3 displays SEM images of the PAD
film surfaces deposited on PC (top row) and steel (bottom row).
These show that the surface morphology of the PCC films, and
thus potentially the film formation mechanism, is substantially
different from that of the pure TiO, films (left column). The PCC
films have comparably homogeneous and continuous surface
morphologies on both substrate types, with no visible signs of
chipping or delamination (middle column: inhomogeneous PCC,
right column: homogeneous PCC). The surface morphology of
the pure TiO, film on PC is also quite homogeneous, whereas
large areas of chipping and detachment are evident on steel. A
closer look at the composite films made from the homogeneous
powder reveals somewhat fine-grained, uniform surface features,
while the features of the films derived from the inhomogeneous
powder appear more wave-like and non-uniform. The surface
morphology of the pure TiO, films on PC is substantially finer
than that of the homogeneous composite. We assume that the dif-
ferently developed surface features may result from variations in
the deposition mechanism and/or differences in the morphology
of the impacting aggregates. The more irregular morphology of
the pure TiO, films on steel may be attributed to the higher impact
pressures that occur when depositing pure ceramic particles
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10 wt% PS/TiO, inhom

10 wt% PS/TiO, hom

FIGURE 2 | SEM images of composite aggregates in the inhomogeneous (a, b, e, f) and the homogeneous PS/TiO, composite powders (c, d, g, h)

with 4 (e, f, g, h) and 10 wt.% PS (a, b, c, d), respectively. In the inhomogeneous powder, PS primary particles form large flakes surrounded by TiO,

particle aggregates (a, b, e, f). The homogeneous powder exhibits a more uniform distribution of PS and TiO, primary particles within each aggregate

(c,d, g h).

(no shock absorption effect), and to increased fragmentation
and abrasion. The differences in surface morphology between
the inhomogeneous and homogeneous composites, which are
independent of the underlying substrate, can be qualitatively
related to the different morphologies of the respective aggregates.
However, the SEM images do not allow a more quantitative,
statistically sound correlation.

The surface roughness parameter S, (root mean square rough-
ness) was determined for all films and the underlying substrates
using laser scanning microscopy (LSM). Height maps recorded
for a complete scan across the film (substrate - film - substrate)
and the corresponding mean height profiles are shown in Figures
S3 and S4, respectively. The data thus obtained (Table 1) show
that in all cases, the film roughness was higher than the substrate
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Pure TiO2

10 wt% PS/TiO, hom

FIGURE 3 | SEM images of PAD film surfaces deposited on PC (top row) and stainless steel substrates (bottom row). From left to right, the columns

show films made from pure TiO, powder, the inhomogeneous 10 wt.% PS/TiO, powder, and the homogeneous 10 wt.% PS/TiO, powder. The surface
morphology of all composite films is similar and shows no signs of chipping. In contrast, the pure TiO, film exhibits substrate-dependent features, with
smooth coverage on PC and large chipped areas on steel.

TABLE 1 | Root-mean-square surface roughness S, for the surfaces shown in Figure 3 (S ). together with the S, of the corresponding substrates
(Sqsub)- Statistical uncertainty intervals are given for substrate values (three measurements on the same substrate type); no calculated statistical

uncertainty intervals are given for the single film measurements.

Sq,sub / Sq,ﬁlm (pm) Sq,sub / Sqﬁlm (pm)

Inhomogeneous Homogeneous
Substrate material Sq.sub / Sq firm (um) TiO, PS/TiO, PS/TiO,
PC 0.16 + 0.06 / 0.47 0.19 +0.06 / 1.74 0.05 +0.06 / 0.72
Steel 0.41 +0.01/1.56 0.43 +0.01/1.40 0.41 +0.01/ 0.64

roughness. The PCC films obtained from homogeneous powder
consistently had a much lower roughness value than the films
obtained from the inhomogeneous ones. This observation is in
good agreement with the SEM images.

Cross-sections of the PAD films were prepared using a focused ion
beam (FIB) as described in the Experimental section, and imaged
using SEM (Figure 4). In these images, PC substrates appear
darker than the stainless steel substrates. A bright platinum-
based, beam-induced coating is visible above the films, which was
applied with the FIB to protect the region of interest. The pure
TiO, films (Figure 4, left column) had a compact microstructure
containing numerous defects, including cracks and voids on both
substrates. On steel, horizontal cracks extended across large areas
of the film, also parallel to the film-substrate interface. The voids
of the film on PC seemed more localized. The boundaries of
primary TiO, particles were no longer discernible within these

films, except at the interface with the PC substrate. Surprisingly,
the composite films made from the inhomogeneous PS/TiO,
powder (middle column, termed “inhomogeneous films” from
now on) exhibited a multilayer-like structure with a fairly regular
spacing, with large PS clusters (dark) separated by layers of
TiO, particles (bright). Cracks were again observed on the steel
substrate, particularly at the film-substrate interface, but not in
the inhomogeneous composite film deposited on PC. The TiO,
phase in these films apparently consisted of fragments of the
original particles, suggesting substantial particle break-up during
substrate collision. The films made from the homogeneous com-
posite powder (Figure 4, right column, termed “homogeneous
films” from now on) displayed a distinctly different, isotropic
microstructure, with a continuous polymer phase embedding the
ceramic particles, as expected for a polymer matrix composite.
The TiO, particles appeared less fragmented than in the inhomo-
geneous composite film, with clearly discernible larger fragments

60f19

Advanced Materials Interfaces, 2026

85U8017 SUOWIWIOD BA1E81D) 8|qeotidde ay) Aq peuisnob a2 seoile VO '8sn JO So|nl o} Akeiq i 8UljuO A8]1A UO (SUOPUOO-PUE-SLUIBIW0D A8 | ImAReiq | pul|uo//Sdny) SUONIPUOD Pue SWS | 8U1 89S *[9202/20/ST] U0 A%iqiT8uliuo A8|IM ‘PUN-SEISIBAIUN 8YISIPUE|IReS AQ T0200S20Z ILUPe/Z00T 0T/I0p/W0D" A8 1M AIq 1 puljuo"psoueApe//:Sdny Wo. pepeojumod ' ‘9202 ‘0SEL96TZ



Pure TiO2 10 wt% PS/TiO, inhom 10 wt% PS/TiO, hom

FIGURE 4 | Cross-sections of PAD films deposited on PC (top) and stainless steel substrates (bottom) prepared by FIB and imaged by SEM: Pure
TiO, (black), inhomogeneous 10 wt.% PS/TiO, PCC (blue), and homogeneous 10 wt.% PS/TiO, PCC (orange). For each substrate, an overview of the
cross-section showing the overall film thickness and a corresponding zoom-in of the film-substrate interface are shown (stacked vertically). The pure
TiO, films exhibit a compact, defect-rich morphology, with embedded TiO, particles visible at the PC interface. Films derived from the inhomogeneous
composite show a multilayer-like structure with alternating PS-rich and TiO,-rich regions, and cracks at the steel interface. The homogeneous composite
films resemble a polymer matrix composite with homogeneously distributed TiO, and plastically deformed PS filling substrate defects, contributing to
good mechanical anchoring on both substrates.

Advanced Materials Interfaces, 2026 7 of 19

85U8017 SUOWIWIOD BA1E81D) 8|qeotidde ay) Aq peuisnob a2 seoile VO '8sn JO So|nl o} Akeiq i 8UljuO A8]1A UO (SUOPUOO-PUE-SLUIBIW0D A8 | ImAReiq | pul|uo//Sdny) SUONIPUOD Pue SWS | 8U1 89S *[9202/20/ST] U0 A%iqiT8uliuo A8|IM ‘PUN-SEISIBAIUN 8YISIPUE|IReS AQ T0200S20Z ILUPe/Z00T 0T/I0p/W0D" A8 1M AIq 1 puljuo"psoueApe//:Sdny Wo. pepeojumod ' ‘9202 ‘0SEL96TZ



and even intact primary particles. No defects were evident within
these cross-sections.

The thickness of the 10 wt.% inhomogeneous composite films was
significantly higher than that of pure TiO, films when deposited
using identical process parameters (gas flow: 3 standard liters per
minute (slm) / 10 scans at a scan rate of 1 mm s™), especially on
PC (23.4 um for composite vs. 1.4 um for pure TiO,). On steel, the
same trend was observed (13.8 um for the composite vs. 9.0 um for
pure TiO,).

The homogeneous 10 wt.% PS/TiO, composite films, which were
deposited using a different optimized parameter set (6 slm / 25
scans at 5mm s~') had a lower thickness (8.9 um for the composite
on PC, 6.2 um for the composite on steel). However, this is most
likely not due to differences in the parameter set: For example, a
stronger fragmentation was observed in the inhomogeneous film
at a gas flow rate of 3 slm, compared to 6 slm for the homogeneous
one. Yet at the higher particle velocity and impact pressure, more
fragmentation would be expected for the homogeneous film, and
not vice versa. Thus, the observed differences should originate
from the different powder morphologies.

Besides studying the overall film morphology, it is instructive
to investigate the film-substrate interface in more detail for
conclusions about the film deposition mechanism. All three film
types had good adhesion to the PC substrates, with no cracks and
voids along the interface (zoomed images in Figure 4). Embedded
TiO, particles within PC were visible for the pure TiO, film,
which also had a rugged interfacial morphology. The interface of
the two composite films with the substrate was relatively smooth.
This indicates that some kind of anchor layer formed during PAD
of TiO, on PC, with substantial interfacial deformation of the
substrate. This was more pronounced for TiO, on PC than for
TiO, on steel, where no ceramic penetrated into the substrate due
to the higher stiffness of steel. The interface of the homogeneous
PCCs showed no signs of particles inserted into the substrate.
Plastically deformed PS was found within a steel surface defect,
illustrating the excellent ability of these coatings to conform
to the substrate morphology without damage. Interestingly, the
inhomogeneous PCC film on steel had marked delamination
cracks at the interface, while it had good adhesion to the PC
substrate.

Taken together, the differences observed in both the surface and
the cross-sectional SEM images suggest a substantial effect of the
powder and substrate type on the film morphology. This points
toward a different deposition mechanism for pure TiO, compared
to that of the PCC powders, especially since no anchor layer was
observed in the case of the PCCs.

2.4 | XRD Measurements of PAD Films on
Polycarbonate Substrates

Pronounced fragmentation of the ceramic particles was observed
in the SEM images of the inhomogeneous PCC films. To con-
firm and quantify this observation, XRD measurements were
performed both on the films (pure TiO, and both types of PCC
coatings on PC substrates) and on the initial TiO, powder before
deposition (Figure 5a). The data were refined using the Rietveld

method. The Rietveld refinement data for all samples shown in
Figure 5 are provided in Figure S5. Due to correlations between
strain and crystallite size, only the latter was used for the Rietveld
refinements, leading to the presented trends. All intensities were
normalized to the maximum of the (110) reflection and then
shifted vertically to facilitate comparison. A magnified view of
the (110) reflection is presented in Figure 5b to visualize the
peak broadening. While the TiO, powder had one sharp peak
(the second peak is unfiltered K, radiation) corresponding to
145 nm crystallites, the pure TiO, coating exhibited a broad peak
corresponding to a reduction of the crystallite size to 16 nm, indi-
cating strong TiO, fragmentation in the absence of polystyrene.
Slightly narrower peaks corresponding to crystallites of 21 nm
average diameter were observed for both the 10 and 4 wt.%
inhomogeneous coatings. The crystallites of the homogeneous
ceramic PS/TiO, coatings were significantly larger (50 nm for
10 wt.%, 27 nm for 4 wt.%). This is in line with the observed
trend of less fragmentation in the homogeneous films observed
by SEM. It demonstrates that the extent of shock absorption by
the polymer powder depends on the homogeneity of that powder,
and that such shock absorption can more substantially reduce
fragmentation than solely shock absorption by the substrate.

In addition to the crystallite reflections in Figure 5a, the diffrac-
tograms of all the PAD film samples exhibit an amorphous
halo from about 26 = 15°-25°. The exact shape and range vary
without a clear trend. These halos originate from the PC substrate
and, in the case of the composite films, from the deposited PS.
Since the individual amorphous polymer contributions cannot be
separated, no further interpretation is possible at this point.

2.5 | Compositional Analysis of PAD Films via a
Sacrificial Layer Approach and TGA

Since the crystallite size reduction observed in the coatings
appears to correlate with the polymer content and its distribution
within the composite powders, it is important to verify whether
the polymer content in the deposited films reflects that of each of
the feedstock powders used. During PAD, losses or redistribution
of the polymer component cannot be excluded, particularly
when considering the different deposition efficiencies (reflected
by the film thickness) and film morphologies observed for
the homogeneous and inhomogeneous composites. Determining
the composition of PAD films is challenging, as commonly
used spectroscopic methods such as attenuated total reflection
Fourier-transform infrared spectroscopy or energy-dispersive X-
ray spectroscopy provide only qualitative or surface-localized
information. To obtain quantitative compositional data, a method
to remove the film from the substrate was developed to make
it accessible for thermogravimetric analysis (TGA). This was
achieved by applying a sacrificial, water-soluble polymer layer
between the substrate and the PAD film. This allowed floating
the film off the substrate by immersion into water, and thus,
after thorough drying, a quantitative comparison of the PCC
film and powder composition by TGA. Since we demonstrated
above that the substrate properties did not critically affect the
film properties, it is justified to assume that the same is true for
the thin sacrificial layer. Each TGA sample consisted of six PCC
films made in three different PAD runs. This provided enough
material both for the experiment and a sound statistical average.
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FIGURE 5 | XRD diffractograms of the TiO2 powder before PAD, the pure TiO2 film on PC, and the four different PS/TiO2 composite powders
deposited on PC substrates. (a) Overview, (b) zoom-in of the (110) reflection of TiO2. Sample labels and the calculated crystallite sizes are included in
(b). Intensities were normalized to the highest (110) peak of each sample. Shape changes in the (110) reflection are observed. Peak broadening indicates
reduced crystallite sizes, most pronounced for the pure TiO2 film, slightly less for the inhomogeneous and 4 wt.% homogeneous composites, and least

for the 10 wt.% homogeneous composite. This reflects differences in the shock absorption due to PS content and distribution.
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FIGURE 6 | (a) TGA curves of PS/TiO, powders (solid lines) and corresponding films (dashed lines) show a higher polymer content in the films
than in the powders, as well as multistep thermal degradation of the films. (b) Grouped bar plot of average mass loss for each sample type (left, semi-
transparent bar = powder; right, solid bar = PAD film), revealing compositional variations between homogeneous and inhomogeneous powders and

films. The PCC films consistently had a higher PS content than the powders. The color code in (b) is the same as in (a).

The samples were heated in the presence of oxygen to burn the
organic component and determine the corresponding mass loss.
In Figure 6a, the TGA curves of the PS/TiO, composite powders
(solid lines), the corresponding PCC films (dashed lines), and
pure TiO, powder as a reference (black solid line) are shown.
While the pure TiO, powder expectedly shows no remarkable
mass loss over the whole temperature range, the composite
samples exhibited various mass loss events reflecting sequential
sample decomposition at different temperatures. The powders
featured a two-step degradation process with a pronounced mass
loss around 300°C and a minor secondary loss near 460°C.
It is well established in the literature that pure, additive-free
PS undergoes thermal degradation in an oxidative atmosphere,
with one major mass loss occurring between 300-400°C. The
degradation behavior of the pure PS powders shown in Figure

S6 is consistent with these literature reports, as is the major
mass loss of all composite powders. The second mass loss
at higher temperatures can be associated with the surfactant
content of the PS particles, a result of their origin from emulsion
polymerization. Two TGA traces are shown for each powder.
While the traces of both homogeneous powders are concurring,
those of the inhomogeneous powders differ strongly, indicating
that the composition of the hand-mixed powders varied - possibly
due to the difficulty of homogenizing the large, light PS flakes
with the dense TiO, clusters in the solid state.

The films displayed a three-step decomposition process. An initial
mass loss (from ~120°C to ~300°C) was observed for all four PCC
films, but was less pronounced for the 10 wt.% composite films
than for the 4 wt.% one. The second mass loss, which was the
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major mass loss for all PCC films except the inhomogeneous 4
wt.% inhomogeneous one, started at around 300°C, and a third
mass loss was observed above 400°C, which markedly varied in
magnitude between the different samples. After that, the TGA
curves of all PCC samples except the 10% PS/inhomogeneous one
converged to the same baseline at ~ 67% mass loss, while the 10%
PS/inhomogeneous film remained at ~ 83%.

Early mass losses are typically attributed to the evaporation of
residual moisture in polystyrene and/or the desorption of ~-OH
groups bound to TiO, particle surfaces. The small amount of
initial mass loss of both 10% PS samples is consistent with this
explanation. However, the origin of the large initial mass loss
of both the homogeneous and the inhomogeneous 4 wt.% film
samples remains unclear. Artifacts from the film preparation are
unlikely since all four PCC films underwent the same treatment.
The second mass loss of all PCC films can be assigned to
polystyrene degradation. The mass loss in the third step indicates
additional contributions besides polystyrene. This could include
residual PSS (decomposition temperature range of PSS sodium
salt: 420°C-510°C) from the sacrificial layer that may not have
been fully removed after film release, possibly due to the strong
particle-PSS film interactions during impact, or even chemical
bond formation. The amount of PSS thus bound could vary, which
explains the lack of a trend for this thermal process in the four
PCC films.

For a comparative analysis, the degradation temperature and
mass loss of the second step of the films (assigned to polystyrene)
were analyzed. The evaluation was conducted using the tangent
method described in DIN EN ISO 11358 [74]. The degradation
temperature was determined as the onset temperature of the
degradation step. The TGA and dTGA curves of the 10 wt.%
inhomogeneous film sample evaluated according to this proce-
dure are shown as an example in Figure S7. The degradation
temperatures determined vary only slightly between the pow-
der and film samples and cluster around an average value of
322 + 10°C. This value is slightly lower than the degradation
temperature of the pure PS powder batches (349°C, Figure S7).
The mass losses associated with this degradation process differ
substantially. For clarity, Figure 6b summarizes the average mass
losses in a grouped bar diagram, with the semi-transparent
bars representing the powders and solid bars representing the
films.

The data show that the homogeneous powders already had a
lower mass loss than expected based on their nominal PS content.
This indicates a limited accuracy of the method for these samples
in the range of 1%-2%, thus data variation in this range should
not be overinterpreted. The mass loss of the inhomogeneous
powders appears even lower due to the above explained strong
data scattering. Importantly, all films had a higher polystyrene
content than their respective powders. The effect is seen most
strongly in the homogeneous films, with roughly 9 and 18 wt.%
polymer content — about twice as much polymer as was present
in the respective starting powders. These results indicate that
the polymer is deposited preferentially in the homogeneous case,
i.e., aggregates with higher local polymer content seem to be
aerosolized and incorporated more easily, possibly due to their
lower density. As shown by SEM, the two inhomogeneous PCC
powders contain highly variable aggregate structures, including

pure TiO, aggregates. This counteracts a preferential polymer
incorporation.

2.6 | Analysis of the PAD Process Characteristics

To better understand how the powder characteristics translate
into film formation, it is instructive to examine the underlying
PAD process behavior. For this purpose, we analyzed the powder
discharge rates, deposition rates, and deposition efficiencies of
the PAD deposition of all composite powders, with pure TiO, as a
reference. The results are presented in Figure 7. The discharge
rates obtained for the different powders are summarized in
Figure 7a. The 4 wt.% inhomogeneous PCC powder had a
discharge rate similar to that of pure TiO,, the other powders
had, within the limits of statistical significance, higher and about
equal discharge rates. Thus, both a higher polymer content
and a more homogeneous distribution led to higher powder
discharge.

As Figure 7b shows, the powder discharge rate data scatters
strongly - a known phenomenon for co-deposition of mixed-
density feedstocks, which should not be overinterpreted. Appar-
ently, there is a general tendency toward faster deposition with
increasing polymer content. The deposition efficiency, which is
calculated from the powder discharge rate and the deposited
mass, seems lower for all PCCs than for pure TiO,, although
the data also strongly scatters (Figure 7c). The two homo-
geneous PCCs had the same discharge rate and deposition
efficiency, maybe because the aggregate type found in these
powders is homogeneous and similar between the samples. A
pronounced substrate effect is observed for all PCCs but not
for TiO,, with consistently higher deposition efficiency on PC
than on stainless steel. This indicates that shock absorption
through the powder and the substrate influences the deposi-
tion efficiency both individually and in combination. Definitive
assessment of the influence of each - or even a comparison
of the contribution of shock absorption by the powder type
- is challenging and will require further study. Insight could
potentially be gained from simulation studies that attempt
to capture the extent of the deformation zones within the
film cross-section during the impact of individual particles or
aggregates.

Shock absorption is not necessarily favorable. It seems to reduce
the deposition efficiency of the process in general, as seen in
the values obtained for pure TiO, that exceed those of the
composites, especially on steel. Overall, our process-related data
confirms the notion that polymer-containing powders deposit
by a substantially different PAD mechanism than pure ceramics
on (mostly) hard substrates [52, 55, 57, 65-67]. If we interpret
the deposition efficiency as an indicator of such a change in
deposition mechanism, we can assume that this mechanism may
remain essentially identical for the two homogeneous compos-
ites, consistent with the assumption that aggregates of similar
outer shape and inner structure dominate deposition in both
cases.

In summary, when correlating discharge rate, deposition rate,
and deposition efficiency with microstructural and composi-
tional findings, a coherent picture emerges. The inhomogeneous
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FIGURE 7 | (a)Powder discharge rate (in gs™") for the different powders at a carrier gas flow of 3 sim, showing considerable scatter for some powder

types. (b) Deposition rate (um s~1) on PC (semi-transparent bars, left) and stainless steel (solid bars, right) grouped by powder type, revealing consistently

higher rates on PC than on steel for all powders. (c) Deposition efficiency with the same grouping as in (b).

10 wt.% composite film has a TiO,-rich composition (according
to TGA, Figure 6) and a multilayer-like morphology (Figure 4).
This morphology reflects the sequential stacking of the polymer-
rich and TiO,-rich composite powder aggregates. In contrast,
the homogeneous composites, despite exhibiting the highest
discharge rates, form smoother, isotropic films with higher
polymer content and larger TiO, crystallites — the latter feature
indicative of stronger shock absorption through the polymer
powder. For these powders, the internal architecture of each
aggregate - rather than the aggregate size — becomes the decisive
factor controlling impact behavior and film formation. Their
deposition rates are only moderately lower than that of pure TiO,,
suggesting that the more uniform aggregates still pack efficiently
enough to yield comparable volumetric growth, albeit with
reduced mass transfer compared to the TiO,-rich inhomogeneous
film.

2.7 | Proof-of-Concept Demonstrators for PCC
Composite Films

Two demonstrators illustrate the functional potential of the PCC
films (Figure 8). As a first demonstrator, the inhomogeneous
10 wt.% PS/TiO, powder was employed to uniformly coat a 10 cm
X 10 cm PET film, yielding a composite layer that remained
well adhered and mechanically stable even under pronounced
bending (Figure 8a). Such robustness highlights the suitability of
these films for flexible barrier or filtration applications. Despite
this potential, it should be noted that the deposition efficiency
of PAD is very low, typically well below 1%. A key requirement
for any future technological implementation would therefore be
either a substantial increase in this efficiency or an effective
recycling strategy for the starting powders, ideally within a
closed-loop process.

As a second demonstrator, the sacrificial layer approach enabled
the preparation of free-standing PCC films that were sev-
eral micrometers thick (Figure 8b). Notably, these membranes
maintained structural integrity without a supporting substrate
and displayed a high degree of flexibility. Composite films of
this type, which could be attractive for flexible electronics,

dielectric layers, barrier coatings, or filtration membranes, have
not, to the best of our knowledge, been reported before in
a sufficiently stable form to be manually handled and trans-
ferred. While PS/TiO, served as a model system in this study,
the concept could readily be extended to more application-
oriented compositions, for example, by replacing PS with con-
ductive or antimicrobial polymers to create novel functional
materials.

3 | Discussion

For PAD involving a polymeric component, a shock absorption
effect has been proposed. This effect was originally described
for ceramic coatings deposited on polymer substrates and is
interpreted as part of the kinetic energy of the impacting particles
being dissipated through deformation of the polymer substrate, in
addition to fragmentation and plastic deformation of the ceramic
particles [68]. As a result, the impact pressure of particles is
reduced [68], and the conventional RTIC mechanism is only
partially observed for these systems. In the following, we will refer
to this effect as the external shock absorption effect. A similar
shock absorption effect has been reported for the deposition of
PCC powders. It is independent of the nature of the substrate
and can be related to the plasticity of the polymer component
of the deposited powder [32, 51-53, 55, 57, 59-61, 63, 65]. This
will be referred to here as the internal shock absorption effect.
In both cases, a larger crystallite size of the ceramic phase,
determined by XRD, compared to systems without polymer
content was observed [32, 51-53, 55, 57, 59-61, 63, 65, 63, 72].
Thus, the crystallite size is a reliable indicator of the amount
of shock absorption occurring during the deposition process.
Structural characteristics of the external shock absorption effect
include partially fragmented ceramic particles embedded in the
substrate surface, accompanied by insufficient film densification
and defect-rich microstructures [61, 68, 72, 73]. Such features
are observed for the pure TiO, films deposited on PC substrates
(see Figure 3). In contrast, the internal shock absorption effect
is associated with features such as an altered surface texture
with increased roughness compared to purely ceramic systems
[59, 62, 63, 65]. In the case of PS/TiO, on PC presented here, a
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FIGURE 8 | (a)Composite film deposited from the 10 wt.% PS/TiO, inhomogeneous powder on a 50 um thick PET film remains intact even when
the substrate is bent. (b) Free-standing, thin film produced from the same powder via a sacrificial layer approach, demonstrating mechanical stability

after release from the substrate.

slightly increased surface roughness compared to pure TiO, films
was observed for homogeneous PS/TiO,, and a substantial one
for inhomogeneous PS/TiO, (Table 1). On steel, the roughness
values for both PCCs are similar to those on PC, while that of
pure TiO, is significantly higher than on PC. This indicates that
the surface roughness is dominated by the powder properties
and not the underlying substrate for both PCCs. As the homo-
geneous composite coatings had significantly smoother surfaces,
the extent of surface roughness enhancement associated with
the internal shock absorption effect seems to depend on the
powder homogeneity. The homogeneous distribution appears to
facilitate a more uniform dissipation of the kinetic energy into
deformation energy during impact, thereby promoting smoother
film formation. In contrast, the inhomogeneities within the
composite powder may locally amplify deformation and particle
rearrangement. For instance, regions may exist in which pre-
dominantly TiO, particles impact the surface, while in others,
PS or composite aggregates arrive in greater numbers. As a
result, inhomogeneities on the scale of the TiO, particle size (a
few micrometers or less) may occur alongside larger inhomo-
geneities on the order of the composite aggregates (several tens
of micrometers).

The cross-sectional images of Figure 4 also suggest that the
internal shock absorption effect and not the external shock
absorption effect is the dominant factor for PCC film formation.
This is indicated by the finding that the underlying substrates
do not seem to influence the microstructure of the composite
coatings in a significant way. Thus, in summary, the PCC powder
characteristics and not the properties of the underlying substrate
dominate both the PCC film morphology and roughness—a
factor that, to the best of our knowledge, has not been addressed
in the literature so far. However, the data shows a substrate influ-
ence on the interfacial adhesion, at least for the inhomogeneous
powders.

4 | Conclusion and Outlook

In summary, this study addressed the influence of powder mor-
phology and polymer content on the powder aerosol deposition
behavior of PS/TiO, composites using powders prepared by two
distinct routes - homogeneous mixing in the emulsion state,
and inhomogeneous blending after drying. By systematically
comparing microstructure, crystallite size, and polymer content
with the powder discharge rate, deposition rate, and deposi-
tion efficiency, a consistent picture emerges: the homogeneous
composites form isotropic films with smooth surfaces and com-
paratively large crystallite sizes, indicative of pronounced internal
shock absorption and uniform energy dissipation during impact.
In contrast, the inhomogeneous composites display a multilayer-
like morphology with localized polymer-ceramic segregation,
lower crystallite sizes, and particularly high deposition rates
and efficiencies in the 10 wt.% case, suggesting that localized
TiO,-rich domains dominate film growth. The pure TiO, films
follow the classical RTIC mechanism, even though external
shock-absorption occurs on PC, with partly dense, defect-rich
microstructures. Overall, the data implies that the deposition
mechanism of the homogeneous composites is governed by
uniformly mixed aggregates, for which a consistent stoichiometry
is assumed, whereas the inhomogeneous composites deposit via
structurally heterogeneous aggregates in which TiO,-rich parts of
the aggregates preferentially contribute to film formation. These
findings highlight that not only the polymer fraction but also
its spatial distribution within the powder critically determines
the balance between internal and external shock absorption and
thereby controls both film structure and deposition efficiency.

In addition to the potential application examples discussed in this
work - such as the use of the system as a membrane material —
it must again be emphasized that the low deposition efficiency of
PAD currently limits its applicability. In this context, future work
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should focus on developing recycling strategies for the starting
powder and further improving the deposition efficiency.

5 | Experimental Section

5.1 | Materials for the Preparation of PS
Nanoparticles

Styrene (S, 99%) was purchased from Fisher Scientific GmbH
(Schwerte, Germany). Butanediol diacrylate (BDDA, technical
grade), sodium dodecyl sulfate (SDS, >98,5%), sodium persulfate
(NaPS, >98%), sodium disulfite (NaDS, for analysis) and potas-
sium hydroxide flakes (KOH, 90% reagent grade) were purchased
from Sigma-Aldrich (Darmstadt, Germany). The anionic sur-
factant Dowfax 2A1 was purchased from EZkem (Hood River,
OR, United States). Radical inhibitors were removed from the
monomers before emulsion polymerization by passing them
through a basic alumina column (50-200 pm, Acros Organics,
Schwerte, Germany).

5.2 | Materials for PAD

Titanium dioxide powder, rutile (>98%), metals basis with a
primary particle size of 0.9-1.6 pm as specified by the supplier, was
purchased from Fisher Scientific GmbH (Schwerte, Germany).
Polycarbonate (PC, Lexan 8010 MC, 500 um) substrates were
purchased from Konig Folienzentrum (Wuppertal, Germany).
Stainless steel substrates (AISI 316L, 1 mm) were purchased
from RCT Reichelt Chemietechnik GmbH + Co (Heidelberg,
Germany). Poly(ethylene terephthalate) film (Hostaphan RNK
50, 50 um) was purchased from Mitsubishi Polyester Film GmbH
(Wiesbaden, Germany). Poly (sodium 4-styrenesulfonate) (PSS,
weight average molar mass ~ 70.000 g mol™") was purchased from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Glycerol
(> 98.5%) was purchased from Th. Geyer GmbH & Co. KG
(Renningen, Germany).

5.3 | Synthesis of PS Nanoparticles

Synthesis of polystyrene particles was performed in a 1 L double-
walled reactor equipped with a stirrer (IKA Ministar 20 digital,
IKA mbH, Staufen, Germany) and a reflux condenser under
a nitrogen atmosphere at 85°C. To remove oxygen from the
deionized water used in synthesis, it was degassed with nitrogen
for 30 min. Two batches of polystyrene particles were synthesized
using the same recipe. For the first batch (PS01), the reactor
was filled with a monomer emulsion (ME1) consisting of 6.75 g
styrene, 0.761 g BDDA, 0.391 g SDS, and 527 g deionized water.
While the emulsion was stirred at 225 rpm, the polymerization
was initiated by adding 0.959 g NaPS and 0.138 g NaDS. After
15 min, a second monomer emulsion (ME2) was added by a
rotary piston pump (Ismatec ISM321A - RHOCTC, Ismatec,
Grevenbroch, Germany) at a flow rate of 1.35 mL min~'. ME2
contained 125 g styrene, 12.6 g BDDA, 0.405 g Dowfax 2A1, 0.401 g
SDS, 0.709 g KOH, and 160 g deionized water. After parts of ME2
had been added for over 120 min, the addition was paused for
10 min, and 0.373 g NaPS was added to reinitiate the reaction.
After a further pause of 15 min, the addition of ME2 was resumed.

180 min after the initial ME2 addition, the pump was stopped,
and the reaction was stirred for an additional hour at 85°C. The
reaction mixture was then filtered through a 125 um nylon sieve
and subsequently freeze-dried. For synthesis of the second batch
(PS02), the monomer emulsion ME1 consisted of 6.78 g styrene,
0.752 g BDDA, 0.409 g SDS, and 527 g of deionized water. While
the emulsion was stirred at 225 rpm, the polymerization was
initiated by adding 0.970 g NaPS and 0.139 g NaDS. After 15 min,
the second monomer emulsion ME2 was added with the rotary
piston pump at a flow rate of 1.35 mL min". For the second batch
(PS02), the monomer emulsion ME2 contained 124 g styrene,
12.5 g BDDA, 0.411 g Dowfax 2A1, 0.414 g SDS, 0.718 g KOH, and
162 g deionized water. After parts of ME2 had been added for
over 120 min, the addition was paused for 10 min, and 0.361 g
NaPS was added to reinitiate the reaction. After a further pause of
15 min, the addition of ME2 was resumed. 200 min after the initial
ME2 addition, the pump was stopped, and the reaction was stirred
for an additional hour at 85°C. The reaction mixture was filtered
through a 125 pm nylon sieve and stored as an emulsioninalL
PE bottle.

While the freeze-dried Batch 1 was used for the preparation of the
inhomogeneous PS/TiO, powders, Batch 2, stored in emulsion,
was employed to produce the homogeneous powders. Since the
synthesis route, particle size analysis (Figure S1d), and thermal
decomposition behavior (Figure S6) of both batches were nearly
identical, we assume that the two batches exhibit essentially the
same behavior in the respective experiments.

5.4 | Preparation of the Pure TiO, Powder

Pure TiO, powder was prepared by sieving through a 100 um mesh
sieve, followed by drying at 200°C for 12 h in a vacuum oven
(Vacutherm, Fisher Scientific, Schwerte, Germany).

5.5 | Preparation of the PS/TiO, Composite
Powders

Two types of PS/TiO, composite powders were prepared. For the
preparation of inhomogeneous PS/TiO, composite powders, pure
TiO, powder was prepared as described before. The freeze-dried
PS powder PS01 was then manually mixed with the sieved TiO,
powder in a beaker using a spatula. Two batches with different
PS content were prepared, one with 4 wt.% and one with 10 wt.%
relative to the total mass of the composite powder. These powders
were referred to in the following as 4 wt.% PS/TiO, inhom
and 10 wt.% PS/TiO, inhom, respectively. For the preparation
of homogeneous PS/TiO, composite powders, the pure TiO,
powder was dispersed in ultrapure water at a concentration of
150 mg/mL using an ice-cooled ultrasonic bath (Bandelin Sonorex
RK 100, Bandelin electronic GmbH & Co. KG, Berlin, Germany).
The PS emulsion PS02 (solids content 15.31 wt.%, determined by
solvent evaporation in vacuum) was added dropwise to the TiO,
dispersion under continuous ultrasonication until the desired PS
content of either 4 or 10 wt.% (relative to the total mass of the
composite powder) was reached. Ultrasonication was resumed for
30 min. The composite dispersion was then freeze-dried to obtain
the final powder. These powders were referred to in the following
as 4 wt.% PS/TiO, hom and 10 wt.% PS/TiO, hom, respectively.
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5.6 | Particle Size Distribution of TiO, Powder

The particle size distribution of the sieved pure TiO, powder
was determined by static light scattering (SLS) using a Partica
LA-960V2 (Horiba, Japan). A few milligrams of the sieved
powder were dispersed in ethanol using an ultrasonic bath
(Bandelin Sonorex RK 100, Bandelin electronic GmbH &
Co. KG, Berlin, Germany). Several drops of the resulting
dispersion were transferred into the measurement cell
of the instrument. Three measurements were performed
in total. The intensities were normalized to the highest
value for each measurement. The results are shown in
Figure S1.

5.7 | Particle Size Distribution of PS Powder

The hydrodynamic diameter of the PS particles in emulsion
was determined by dynamic light scattering (DLS) using a
Zetasizer ZS 90 (Malvern Instruments, UK) equipped with
a 4 mW, 633 nm HeNe laser. All measurements were per-
formed at 25°C with a scattering angle of 90°. For each
sample, five measurements were conducted, with the number
of runs automatically determined by the instrument. Data
acquisition over 300 size classes and peak analysis were
carried out using the Zetasizer Nano software. The inten-
sities were normalized to the highest value for each mea-
surement. The results of this measurement are shown in
Figure S1.

5.8 | Scanning Electron Microscopy of the
Powders

The morphology of the powders was examined using a Zeiss
Sigma 300 VP scanning electron microscope (Zeiss, Oberkochen,
Germany). For the pure TiO, powder, a drop of an ethanol-
based dispersion was placed onto a single-side polished Si
wafer (N/Phos, @ = 100 mm, thickness: 525 + 25 pm, Si-
Mat, Kaufering, Germany). For the composite powders, a few
milligrams of powder were applied onto conductive copper
carbon tape (Plano GmbH, Wetzlar, Germany). All samples
were subsequently sputter-coated with gold using a Cressington
Sputter Coater 108 Auto (Tescan GmbH, Dortmund, Germany)
using a current of 20 mA at 0.1 mbar for 45 s. SEM images
of the pure TiO, and the pure PS powder are shown in
Figure S1.

5.9 | PAD on PC and Steel Substrates

PAD on PC and stainless steel substrates was carried out using a
custom-built research setup, the details of which were described
elsewhere [24]. A scheme of the set-up is shown in Figure la.
Different optimized PAD parameters were used for the different
powder/substrate combinations. The parameters used for the
samples shown in Figures 3 and 4, respectively, are summa-
rized in Table 2; those for the data shown in Figure 7 are
presented in Table 3. It should be noted that, by definition,
one scan corresponds to two crossings of the substrate over the
nozzle.

5.10 | PAD on Thin and Flexible PET Film

PAD films on thin, flexible PET film (Hostaphan RNK 50) were
fabricated using the inhomogeneous 10 wt.% PS/TiO, composite
powder (Figure 8). First, a 10 x 10 cm? PET sheet was fixed
with double-sided tape on a steel base plate. Then, the deposition
was conducted line-by-line using the PAD parameter set given in
Table 4.

5.11 | PAD on Sacrificial Layers

To enable the complete removal of PAD films from the stainless
steel substrate, sacrificial layers were applied before the PAD
process. The substrates were first roughened using 800-grit
sandpaper, rinsed with ethanol, and dried. In parallel, PSS was
dissolved in deionized water at room temperature to prepare
a 5 wt.% solution. After complete dissolution, 25 wt.% glycerol
(relative to the polymer mass) was added, and the solution
was allowed to mix at room temperature. A few drops of the
PSS-glycerol-water solution were drop-cast onto the stainless
steel substrates, which were kept at 100°C and dried for several
minutes. PAD experiments on these sacrificial layers were carried
out for all investigated powders using the PAD parameter set
shown in Table 5. The deposited films were released by immersion
in deionized water at 60°C, dissolving the sacrificial layer. The
detached films were subsequently rinsed with ethanol, and dried
at RT.

5.12 | Thermogravimetric Analysis of the Powders
and Films

The composition of the powders was determined by TGA using
a TG 209 F1 Libra (Netzsch Holding, Selb, Germany). Measure-
ments were conducted from 30°C to 590°C at a heating rate
of 10 K/min. N, was used as a protective gas at a flow rate of
20 mL/min, while synthetic air (80% N, / 20% O,) was used as
purge gas, also at 20 mL/min. The mass loss was determined from
the thermograms. Two samples with an initial mass of at least
10 mg were analyzed per powder. Data processing was carried out
using Proteus Thermal Analysis 8.0.1 software (Netzsch Holding,
Selb, Germany). To determine the composition of the PAD films,
PAD deposits on sacrificial layers were detached as described
before. TGA measurements of six deposited films made in three
similar deposition experiments, each with two samples in the
deposition chamber at the same time, with a total sample mass
of a few milligrams, were performed under the same conditions
as for the powders.

The evaluation of the TGA curves was carried out in accordance
with DIN EN ISO 11358 [74]. In this approach, the temperature of
the maximum decomposition rate of the second degradation step
(minimum in the dTGA curve) was first determined. The onset
and offset temperatures were obtained using the tangent method,
with the baseline segments in the TGA curves manually selected
around the second degradation step. The onset temperature
was defined as the degradation temperature. Data analysis was
performed using MATLAB R2022a. A representative example
of this evaluation (10 wt.% inhomogeneous film) is shown in
Figure S7.
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TABLE 2 | PAD parameter set used for the samples for the top-view SEM imaging (Figure 3) and the cross-sectional FIB-SEM imaging (Figure 4).

Parameter Pure TiO, 10 wt.% PS/TiO, inhom 10 wt.% PS/TiO, hom
Nozzle type Convergent slit nozzle Convergent slit nozzle (10 Convergent slit nozzle (10
(10 X 0.5 mm) X 0.5 mm) %X 0.5 mm)
Distance 10 mm 10 mm 10 mm
nozzle—substrate
Carrier gas type N, N, N,
Carrier gas flow rate 3slm? 3 slm 6 slm
Pressure in the aerosol 98 mbar 98 mbar 167 mbar
bottle
Pressure in the 0.59 mbar 0.59 mbar 0.96 mabr
deposition chamber
Number of scans 10° 10 25
Scan rate 1mm s 1mms™! 5mm s
Frequency of the 400 rpm 400 rpm 400 rpm
vibrating platform
Substrate dimensions 225 mm? 225 mm? 225 mm?
Deposited area 100 mm? 100 mm? 100 mm?
4standard liters per minute.
b1 Scan = 2 crossings.
TABLE 3 | PAD parameter set used for the data shown in Figure 7.
Parameter Value
Nozzle type Convergent slit nozzle (10 X 0.5 mm)

Distance nozzle—substrate

Carrier gas type

Carrier gas flow rate

Pressure in the aerosol bottle
Pressure in the deposition chamber
Number of scans

Scan rate

Frequency of the vibrating platform
Substrate dimensions

Deposited area

1-10 mm
N,

1-6 slm
47-167 mbar
0.3-0.96 mabr
2-100 Scans
1-20 mm s
400 rpm
225 mm?

100 mm?

5.13 | Laser Scanning Microscopy (LSM) for Film
Analysis

The film thickness and surface roughness were analyzed using
an OLS4100 laser scanning microscope (LSM, Olympus GmbH,
Germany) with a dual confocal scanning system equipped with
a 405 nm semiconductor laser. The substrates were mounted on
a flat sample holder using double-sided adhesive tape. Scans for
the composite films were performed with the MPLAPONLEXT
x20 objective lens (Olympus GmbH, Germany) and no addi-
tional optical zoom across the entire film width (substrate-film-
substrate) using individual image fields of at least 600 x 600 um
stitched together to capture the complete height profile of both
substrate and film. Scans for the pure TiO, films were performed

with the same objective across the edge of the film on one
side in the same way. Surface corrections in the x- and y-
directions were applied using the Olympus OLS4100 3.1.5.9
software to compensate for substrate curvature. The data were
further processed in Matlab R2024b. Substrate and film regions
were segmented by thresholding, and fixed evaluation areas were
defined: 500 x 600 um? for the substrate and 8000 x 600 um? for
the film (4000 x 600 um? in the case of pure TiO,). The mean
height of the substrate regions was subtracted from both the film
and substrate regions to level the data in the evaluation areas.
Profiles were tilt-corrected afterward. Based on the resulting data,
the mean film profile was determined, and the average film
thickness, film width, and roughness parameters were evaluated
separately for substrate and film.
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TABLE 4 | PAD parameter set used for the films made on PET film (Figure 8).

Parameter Value
Nozzle type Convergent slit nozzle (10 x 0.5 mm)
Distance nozzle—substrate 2 mm
Carrier gas type N,
Carrier gas flow rate 6 slm
Pressure in the aerosol bottle 167 mbar
Pressure in the deposition chamber 0.96 mbar
Number of scans 2
Scan rate 5mm s
Frequency of the vibrating platform 400 rpm
Substrate dimensions 100 cm?
Deposited area 100 cm?
TABLE 5 | PAD parameter set used for the deposition on sacrificial layers for TGA (Figure 6).
Parameter 10 wt.% PS/TiO, inhom Others
Nozzle type Convergent slit nozzle (10 x 0.5 mm) Convergent slit nozzle (10 x 0.5 mm)

Distance nozzle—substrate

Carrier gas type

Carrier gas flow rate

Pressure in the aerosol bottle
Pressure in the deposition chamber
Number of scans

Scan rate

Frequency of the vibrating platform

Substrate dimensions

2mm 2mm
N, N,

6 slm 3slm
167 mbar 98 mbar
0.96 mbar 0.59 mbar
25 25
5mm s 5mm s
400 rpm 400 rpm
225 mm? 225 mm?
100 mm? 100 mm?

Deposited area

5.14 | Calculating Deposition Efficiency (DE) and
Deposition Rate (DR) for Film Analysis

Deposition efficiency (DE) was calculated according to Equa-
tion 1.
my
DE= ————— -100% €))
mp (tdeposition)

where m; is the mass of the deposited film, and m, is the
mass of powder discharged during the effective deposition time
Lgeposition- Effective deposition time 44510, Was determined using
Equation 2.

2- Rgcans bf

tdeposition = ‘V— (2)
scan

where n,,, is the number of scans performed during the process,
by is the width of the film, and vy, is the scan velocity. The

mass of the powder discharged during deposition time, m,, was
calculated as powder discharge rate, which is the powder mass

in the aerosol chamber before and after the process, Am,, over
the process time f,,oq.s, multiplied with tg,po60n, @S shown in
Equation 3.

Am
m., =

P
P t : tdeposition (3)

process

The values for m; are calculated using Equation 4.
my = pr - Ag - hy )

where Ay is the film area, h, the average film thickness measured
with LSM, and p, the film density. For the film density p;, values
were determined assuming a simple rule of mixture based on the
bulk densities of PS (o5 = 1.04 g cm™?) and TiO, (rutile, o0, =
4.24 g cm~*) according to Equation 5.

pr= ®)

Xps XTi0
Pps PTIO,)
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with xpg as the mass loss in mass percent from Figure 6b and
Xri0, = 100 — Xxpg. Deposition rate (DR) was calculated using
Equation 6:

DR= 1 )

tdepnsition

5.15 | Focused Ion Beam (FIB)-SEM
Cross-Sections for Film Microstructure

Local cross sections for inspecting the film microstructure were
performed using either a Helios Nanolab600 (FEI, Hillsboro,
Oregon, USA) equipped with a gallium focused ion beam or
Helios PFIB G4 CXe (Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA) equipped with a focused xenon ion beam. To
avoid charging effects, samples were sputter-coated with ~10 nm
palladium using a K950x (Emitech, Ashford, UK) evaporator
with sputter head attachment at a pressure of 0.02 mbar and a
discharge current of 20-25 mA for 2 min. Inside the FIB, regions
of interest close to the center of the coating were protected with
a platinum-based beam-assisted deposition of 1-5 um in a two-
step process. First, a thin layer was deposited using the electron
beam to avoid ion beam damage to the sample. Second, a thicker
layer was deposited using the ion beam, exploiting the higher
deposition rate. Actual thickness was adapted to the expected
total thickness of the PAD film. FIB cross-sections were then
carried out using beam currents starting at 21 or 65 nA for coarse
trenching, followed by decreasing currents down to 1 nA for fine
polishing. Imaging was done using the electron beam at 5 kV
acceleration voltage and 86 pA beam current using the Everhart-
Thornley secondary electron detector. No obvious signs of ion
beam damage to the microstructure morphology, e.g. bubbling or
loss of shape could be observed in any of the samples.

5.16 | X-Ray Diffraction Measurements for Film
Microstructure

Powder X-ray diffraction (PXRD) patterns of the powders and
PAD coatings were recorded at room temperature on a D8-
A25-Advance diffractometer (Bruker, Karlsruhe, Germany) in
Bragg-Brentano 6-6-geometry (goniometer radius 280 mm) with
Cu K, radiation (1 =154.0596 pm). A 12 um Ni foil working as a K
filter and a variable divergence slit were mounted at the primary
beam side. A LYNXEYE detector with 192 channels was used at
the secondary beam side. Experiments were carried out in a 26
range of 6°-130° with a step size of 0.013° and a total scan time of
1 h. The samples were placed on zero-background silicon sample
holders to avoid background contributions from the typical metal
sample holders. The data was refined using the Rietveld method
[75, 76] using the program package TOPAS 5.0 [77] applying the
fundamental parameter approach.
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