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ABSTRACT: Structural colors offer a myriad of advantages over conventional pigment-based colors, which often rely on toxic
chemical substances that are prone to UV degradation. To take advantage of these benefits in demanding environments, there is
growing interest in producing structural colors from ceramics. Polymer-derived ceramics (PDCs) emerge as a compelling choice,
presenting two distinct advantages: their enhanced shape ability in their polymeric state associated with impressive temperature
resistance once converted to ceramics. This study pioneers the fabrication of noniridescent structural colors from silicon oxycarbide
(SiOC) PDC, enabled by the nanostructuring of an inverse photonic glass within the PDC material. This design, a functionally
graded material with an inverse photonic glass (FGM-PhG) structure, leverages the innate light-absorbing properties of SiOC,
yielding a vivid structural color that maintains its saturation even in white surroundings. This study elucidates the process—
structure—properties relationship for the obtained structural colors by investigating each layer of the functionally graded material
(FGM) in a stepwise coating deposition process. To further emphasize the exceptional processing flexibility of PDCs, the three-step
process is later transferred to an additive manufacturing approach. Finally, the FGM-PhG structural colors are demonstrated to have
remarkable thermal stability up to 1000 °C for 100 h, possibly making them the most thermally stable ceramic structural colors to
date.

KEYWORDS: structural color, polymer-derived ceramics, colloids, self-assembly, additive manufacturing

B INTRODUCTION temperatures.* ® Thus, the incorporation of structural
coloration strategies into ceramics heralds a new era for
durable, vibrant, and environmentally stable coloration
systems, expanding their applicability to demanding surround-
ings.

A few studies have demonstrated the production of
structural colors based on three-dimensional (3D) ceramic
photonic structures that could potentially be used in harsh

Structural coloration, a unique phenomenon observed in
nature, relies on the manipulation of light by micro and
nanostructured materials rather than the use of pigments or
dyes to produce color."” The inherent benefits of this strategy
include superior color longevity, resilience to UV degradation,
and resistance to chemical degradation, all of which are not
commonly found in traditional pigment-based coloration,
which in addition are often made from toxic chemical

substances.”” These advantageous properties of structural Received:  January 22, 2024
colors can be further amplified when they are produced with Revised: ~ March 12, 2024
ceramic materials. Ceramics, owing to their excellent thermal Accepted: March 13, 2024

and chemical stability, can potentially enable structural colors Published: April 18, 2024

to be used under challenging environmental conditions such as
high UV radiation, corrosive environments, and even high

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsami.4c01047

v ACS Pu bl icatiO ns 22379 ACS Appl. Mater. Interfaces 2024, 16, 22379—22390


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benedikt+F.+Winhard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alberto+Gomez-Gomez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+G.+Maragno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diego+Ribas+Gomes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaline+P.+Furlan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaline+P.+Furlan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.4c01047&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01047?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01047?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01047?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01047?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01047?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01047?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01047?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01047?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/16/17?ref=pdf
https://pubs.acs.org/toc/aamick/16/17?ref=pdf
https://pubs.acs.org/toc/aamick/16/17?ref=pdf
https://pubs.acs.org/toc/aamick/16/17?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.4c01047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Absorber layer

Coating
deposition: —

Additive ' |:>

Sample preparation

Curing preceramic polymer
0.06,6.00.8.06.6.500

Temperature

-
c
o
=

-
©
o
S

=

et
©
o
=

PMMA PhG template

““

manufacturing: N L —

S

Infiltration of PhG template
TPU mask

|
Parafilm
- Support
l Spatula
|

Pippette tip

Y

=

DW nozzle

Pyrolysis:

Burnout PhG template ...~ e i

othotSodPocidived

.rvi i«iiwii

rd -

Time

Figure 1. (A) Processing scheme for FGM-PhG samples produced in this study: samples were prepared either by a three step coating deposition
(doctor blading, drop casting, and infiltration) or by a three step AM process (print the dense absorber layer, print the PhG template, and print
infiltration material). (B) Obtained samples were heat-treated in a three step cycle comprising preceramic polymer curing, PhG template removal,

and conversion to ceramic-based photonic structure via pyrolysis.

environments.”® However, fabricating such structures tradi-
tionally, i.e, with ceramic particles as starting material, can
bring limitations in design complexity and limits applicable
shaping methods.” Alternatively, it has been shown that such
structures can also be produced by utilizing preceramic
precursors.'’~'> Here, preceramic polymers are prominent
starting materials. They facilitate macroscale shaping, thereby
enabling the fabrication of structures via additive manufactur-
ing (AM), which overcomes potential processing barriers with
conventional ceramic processing strategies.'® Although several
research groups have already applied AM to produce complex
ceramic structures from preceramic polymers,”’18 the
investigation of AM of structural colors using preceramic
polymers remains unexplored. Instead, other strategies to print
structural colors have been studied, but they were often
polymer based, thus lacking UV resistance and being prone to
deformation under moderate temperatures.'””" Meanwhile,
the AM of ceramic-based spherical particles requires the
incorporation of large amounts of template particles in a binder
system and may lack mechanical integrity, when consisting of
loose ceramic particles.”"**

Regardless of the shaping method, the application as
structural color requires that the structure contains features’
sizes with a narrow variation and in the range of the
wavelength of interest, i.e., nanometer to sub-micrometer,
precisely distributed in the 3D macroscale. A study by Zhou et
al.”® demonstrated the possibility to generate ceramic-based
photonic structures utilizing preceramic polymers as starting
material and performing subsequent pyrolysis to form polymer-
derived porous ceramics. Their porous PDC had a photonic
crystal (PhC) structure and, thus, presented an angle
dependent structural coloration. The iridescence of PhCs
stems from their long-range ordered structure. In contrast, a
photonic glass (PhG) structure demonstrates a disordered
arrangement with only short-range order, leading to angle-
independent structural colors.”*® This characteristic is
beneficial in applications such as displays or sensors, where
the color should appear the same no matter the viewing angle
or when locking a precise viewing angle is not feasible,
respectively.

In previously reported studies, carbon is usually added as an
absorber between ceramic particles to maintain the saturation
of the structural color in front of white backgrounds, too.
However, this limits the structures’ temperature stability under
ambient conditions (air) to ~350 °C due to carbon burn-
out.”® Meanwhile, preceramic polymers not only present
outstanding shaping abilities, but the later conversion to
ceramic glass results in excellent thermal stability, making them
ideal for use in harsh environments.'®*”

In this study, we investigated an approach to produce
ceramic-based PhG having preceramic precursors as starting
material, which enabled the printing of ceramic structural color
that demonstrates high color saturation even under diffuse
illumination and white surroundings. This is made possible by
producing a functionally graded material (FGM) through the
integration of a bulk absorber layer underneath the photonic
structure. The resulting FGM-PhG forms a mechanically
robust and highly temperature-stable saturated structural color
that is particularly advantageous for applications in harsh
environments. First, this study introduces the nonintuitive
concept of FGM-PhG structural color made of SiOC, a
ceramic material, which is light absorbing, thus appearing black
in its bulk form. Subsequently, the process—structure—
properties relationship is explored for FGM-PhG samples
produced with a three-step coating process (Figure 1). Later,
the transition of the coating process into an AM process is
showcased, demonstrating the exceptional processing flexibility
for structural colors made of PDCs. Lastly, the thermal stability
of the FGM-PhG structural colors is examined. The results
show that using PDCs can enhance the thermal stability of
ceramic structural colors while benefiting from the ease of
processing associated with polymers. This pioneering strategy
opens up new possibilities for the fabrication of noniridescent
SiOC ceramic structural colors, potentially broadening the
applicability of structural colors in harsh or demanding
environments.

B RESULTS AND DISCUSSION

In the earlier study by Zhou et al,** custom-made preceramic
polymers were used to infiltrate photonic crystals’ templates.
The resulting silicon carbide inverse opal samples presented
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structural coloration; however, iridescent structural coloration,
i.e, color, changes depending on the radiation incident (or
viewing) angle. In this work, we aimed to develop non-
iridescent structural colors and, therefore, focused on
fabricating PhG structures. The commercially available MK-
precursor was utilized, which can be processed under ambient
conditions. In “bulk”, i.e, as a nonporous sample, it forms
SiOC during pyrolysis.”>*’

The as-delivered poly(methyl methacrylate) (PMMA)
dispersions that serve as templates for the PhG structure
contain water as a dispersion medium. This brings hurdles to
our described FGM strategy (Figure 1A) since the PDC layer
presents a hydrophobic character. Moreover, deposition of
aqueous PMMA dispersions resulted in the formation of PhCs,
leading to inverse SiOC PhCs with iridescent structural
coloration, as can be seen in the scanning electron microscopy
(SEM) cross sections and photographs taken at different
observation angles (Figure 2A). Blue, turquoise, and green

Figure 2. Photographs taken from top-view and at ~45° observation
angle, alongside the corresponding SEM cross sections, of FGM
samples produced with a PMMA dispersion in either (A) water or (B)
IPA. Scale bars: 1 ym.

colors formed in the PhC samples with a clear dependence on
the angle of observation. To address the challenge of
transitioning from ordered to disordered particle arrangements,
various strategies have been investigated: the adjustment of the
surface charge of substrates to alter particle mobility,”® the
addition of salts to colloids to destabilize them through
increased ionic concentration, which screens electrostatic
repulsion among particles,””***" or via heteroaggregation,
which introduces a mix of particles with different surface
charges, leading to aggregate formation and sedimentation of
disordered deposits.”

To tackle both challenges, i.e., the prevention of long-range
order and improved substrate wettability, we considered the
adaptation of the dispersion medium. Knowing that some
organic media present lower surface tension than water and
that there is a basic relation between surface tension and
wettability, we have selected the organic medium isopropyl
alcohol (IPA) to redisperse PMMA particles (refer to Methods
for details). As expected, the contact angle of water-based and
IPA-based PMMA dispersions on the PDC absorber layer
differed greatly, achieving values of 108 + 4° and <10°,
respectively (Figure S1). Not only could the wetting be
controlled by the selection of the dispersion medium, but it
could also direct the colloidal assembly (Figure 2).

While water-based PMMA dispersions formed PhC
templates, IPA-based dispersions led to the desired PhG
template structure with noniridescent structural coloration. To
investigate the possible reasons for such a difference, the zeta-

potential of the dispersions was assessed, resulting in values of
—35.6 +£ 0.7 and —33.4 & 0.9 mV at pH values of 6.5 and 8.7
for IPA- and water-based dispersions, respectively. Since both
dispersions presented similar values with corresponding similar
good dispersion stability (i.e., no sedimentation was visible),
the potential colloidal destabilization in IPA, which would lead
to particle aggregation and thus formation of PhG templates,””
was excluded as a cause for the formation of amorphous
PMMA-templates. Thereby, we associate the observed differ-
ences with the dispersion medium characteristics, namely,
surface tension and wettability. The former accounts to 22 and
72 mN m™" for IPA and water (at 20 °C), respectively, thus
about three times larger for water than IPA.*’ During
dispersion medium evaporation in colloids, capillary forces
help on attracting particles contributing to the formation of
ordered assemblies.”* As the capillary force is directly
proportional to the surface tension, water-based dispersions
present higher capillary forces, and the capillary forces exerted
between particles in IPA seem to be too small to form long-
range order. Moreover, low wetting led to a continuously
receding contact line for aqueous dispersions during drying,
which can additionally support crystallization of colloids as
previously reported.>”*°

Following the goal of generating noniridescent structural
colors, the following sections focused on investigating the
process—structure—property relationships and the application
of such in an FGM concept. In the absence of previous studies
that investigated the optical properties of MK-based 3D
photonic structures, the following investigation of this study
focused on characterizing the optical properties and color
appearance of the 3D photonic structures in comparison to
MK-based “bulk” layers.

Generation of Color by 3D FGM Structuring of a
Black Material. The formation of SiOC from the polymeric
preceramic precursor MK during pyrolysis in a nitrogen
atmosphere was reported before,”” and the energy dispersive
X-ray spectroscopy (EDX) analysis of pyrolyzed samples
confirmed the presence of Si, O, and C, while the X-ray
diffraction (XRD) analysis corroborated the expected presence
of an amorphous phase (see Supporting Information, Figure
S2). The derivative thermogravimetry (DTG) of a MK-
infiltrated photonic structure containing both MK and PMMA
did not show additional decomposition steps but presented all
decomposition steps that could also be found in the DTG
analyses of each individual component (Figure 3A): from 150
to 250 °C, decomposition of weak head-to-head bonds in
PMMA was observed, as previously reported.””** The
decomposition in the temperature range of 200—300 °C
could be addressed to the release of water and ethanol in
MK,* as well as the decomposition of unsaturated chain ends
in PMMA.””** At 380 °C, a significant peak marked by
random scission of the polymer chains in PMMA occurred,
leading to decomposition into its monomer, methyl meth-
acrylate.” At around 570 °C, the DTG further reveals the
release of methane from MK.>’ Finally, MK displayed
decomposition at 750 °C, which can be attributed to the
release of methane, hydrogen, and ethane.” Each decom-
position step found in the “MK and PMMA” sample
corresponded to a decomposition step in either of the two
individual components, thus implying no additional chemical
interaction between the two components during pyrolysis.
Hence, the SiOC formed in the 3D porous photonic structures

https://doi.org/10.1021/acsami.4c01047
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Figure 3. (A) DTG curves for PMMA, MK, and a MK-infiltrated PhG containing both materials. (B) Photograph of a bulk SiOC sample and its
corresponding reflectance spectrum. (C) Photographs of a poly-PhC sample produced on sapphire and an FGM-PhG sample, both captured
against black and white backgrounds. (D) SEM cross sections of a poly-PhC sample produced on sapphire and of an FGM-PhG sample.

were considered not to differ from the composition of a bulk
sample.

SiOC—also known as black glass'®*’—contains sp*
hybridized carbon, which absorbs electromagnetic waves in
the entire visible wavelength range.'® This usually leads to a
black appearance and low reflectance for bulk samples (Figure
3B), which at first may seem to potentially hinder the
formation of structural coloration if the absorption component
is greater than the 3D structurally originated reflectance.
Hence, to examine whether structural color can also be formed
with SiOC, only the “inverse” PhG structures, i.e., structures
generated after burn-out and pyrolysis but without the
underlying bulk SiOC-layer were analyzed and compared
with FGM-PhGs. As shown in Figure 3C, a vivid blue
structural color can indeed be achieved in 3D MK-based
photonic structures. It is clear that scattering dominates the
absorption of light in this sample due to the introduction of
many material—air interfaces with the inverse polycrystalline
photonic crystal (poly-PhC) structure (Figure 3D). Addition-
ally, pores reduce the absorbance in poly-PhC samples due to
the replacement of the volume fraction of absorbing SiOC with
air, thus reducing the fraction of SiOC that light must interact
when traveling through the sample.

When the poly-PhC sample is placed in front of a white
background, no hue is visible, and the photonic structure
appears completely white (Figure 3C) because the light that
passes through the photonic structure gets reflected back from
the white background, thus overlaying with the selective
reflection from the poly-PhC (Figure 4A). This additionally
demonstrates the low absorbance of the 3D photonic structure
even when made out of SiOC, while also showing that the
previous blue hue visible in front of a black background,
originates from selective reflectance. The “absence” of color for

22382

photonic structures in front of highly reflecting backgrounds is
a commonly observed phenomenon, which hampers their
applicability in such surroundings. Moreover, white surround-
ings and diffuse illumination can also lead to loss of color
saturation.'”*%*!' To improve the color saturation, i.e. to
reduce incoherent scattering, usually an external background is
added below the photonic structure (i.e., the structure is placed
on top of a black surface) or nanoparticles are added within the
2782263283746 1 this study, however, the highly
absorbing SiOC material that is already being used to form 3D
photonic structures can additionally be utilized to remove
incoherent scattering via nonselective absorption. Hence, to
absorb the transmitted light, an FGM was fabricated that
consisted of a PhG structure on top of an absorbing bulk
SiOC-layer (Figure 3D). The additional bulk SiOC-layer
absorbed the transmitted light effectively such that blue
structural coloration was visible even in front of a white
background and highly illuminated surroundings (Figure 3D).
It is important to note that this new FGM-PhG concept uses
exactly the same material for the PhG as well as the absorber
layer, and that the selective reflectance and, thus, structural
coloring, arises due to the material structuring in 3D. Further,
this concept offers another advantage as it “removes” the
additional interface that would be present in case of two
different materials, preventing potential additional scattering
events at the PhG-absorber interface.” Moreover, in the
chromaticity diagram, the position of the FGM-PhG sample is
closer to the perimeter than the position of the poly-PhC
sample, which indicates a higher color saturation for the FGM-
PhG sample (Figure 4B). We associate this increased color
saturation to the matching interface in the FGM-PhG, which
reduces potential incoherent scattering.

structure.

https://doi.org/10.1021/acsami.4c01047
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Figure 4. (A) Schematic representations of the interaction of light
with poly-PhC on sapphire (top) and the FGM-PhG sample
(bottom). (B) Segment of the chromaticity diagram illustrating
positions of the poly-PhC sample as well as the FGM-PhG sample.

Investigation of Process—Structure—Property Rela-
tionships. In order to further improve the color quality, the
process—structure—properties relationship was studied in
detail in order to derive design requirements for later transfer
into the AM process. In a first parameter study, the particle
template size was varied to potentially generate structural
colors other than blue. Due to the associated shrinkage during
preceramic polymer conversion and pyrolysis, PMMA-
template particles with a diameter of 286 nm resulted in an
average pore size of 186 nm, and particles with 406 and 499
nm formed pores with 291 and 361 nm, respectively
(Supporting Information, Figure S3).

When increasing the particle template size from 286 to 406
nm, the blue hue became brighter and shifted toward turquoise
coloration in both poly-PhC and FGM-PhG samples (Figure
SA). This agrees with the corresponding reflectance spectra for
samples produced with 406 nm template particles, which are
shifted toward higher wavelengths in comparison to spectra for
the 286 nm template size (Figure SB). The shift of reflectance

toward higher wavelengths with increasing pore—or generally
speaking feature size—is a commonly observed phenomenon
for photonic structures.””’ ™" In photonic structures, light
scattering can be distinguished between two different
processes: scattering from individual features (e.g., particles
or pores) and coherent scattering caused by interference of
scattered light from features in the photonic structure.”*’
While the single feature resonances scale with the optical
diameter following n,,d, (where n,, is the refractive index of
the particles/pores and d, is the particle or pore diameter), the
characteristic scale for coherent scattering is the effective
center-to-center distance D of the features following n.4D...
For a close packed photonic structure (as the ones produced in
this study), both characteristic scales’ sizes increase with
template size; hence, the overall reflectance shifts toward
higher wavelengths. Therefore, an increase of the PMMA-
template size further to 499 nm did not lead to a change in
color but rather caused the samples to become whiter. This
loss in color with increasing template size is caused by a broad
reflectance in the visible wavelength range below a certain
threshold wavelength, which is dependent on the initial
template particle size. Slight differences in the sample
whitening can be seen for the two sample types. While for
the poly-PhC a “clear” white appearance is observed for the
499 nm template, the FGM-PhG still presented a slight blue
hue, however with significant loss in saturation (Figure SA).
This corroborates the measured differences in the reflectance
for both sample types (Figure SB). Whereas FGM-PhG
samples demonstrated a gradual decline in reflectance with
increasing wavelength, the poly-PhC samples’ reflectance first
decreased but increased again forming a local maximum at 570
nm before dropping to small reflectance values. The peak
found in poly-PhC samples can be attributed to coherent
scattering, while the gradual decline found in both samples can
be assigned to single feature (pore) resonances.”” Hence, in
the FGM-PhG single feature resonances dominate, whereas in
the poly-PhC additional coherent scattering by the crystalline
domains is observed. The peak formed by coherent scattering
in poly-PhC samples theoretically allows one to form other
structural colors than blue; however, as the single feature
resonances were too dominant, this is not possible. The same
behavior was previously observed by Magkiriadou et al.*’ for
PhGs made of PMMA particles.

To be able to generate other structural colors in the poly-
PhC samples, resonances from single features must be reduced
concomitantly with the maintenance of coherent scattering. To
shift scattering events to a different wavelength range, one
might contemplate adjusting the effective refractive index n.g of
the photonic structure by altering the refractive index of the
SiOC material ngoc. It has been demonstrated that the
refractive index of SiOC can vary within the range for refractive
indices associated with silica and silicon carbide (between 1.5
and almost 2.7), depending on the material’s content of oxygen
and carbon.®’ However, it is crucial to note that alterations
made to the refractive index of SiOC would impact both single
feature resonances and coherent scattering simultaneously,
causing both scattering events to shift toward either higher or
smaller wavelengths. Consequently, such adjustments were not
explored in the scope of this study.

As mentioned before, single feature resonances scale with
the optical diameter, whereas coherent scattering scales with
feature distance. Therefore, to reduce the single feature
resonances in the visible, it is necessary to shift them to the
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Figure 5. (A) Photographs of poly-PhC samples and FGM-PhG samples produced with different PMMA-template sizes (286, 406, and 499 nm).
(B) Reflectance spectra corresponding to all the samples displayed in (A). (C) Photographs and associated SEM cross sections of FGM-PhG
samples with various sample heights. Scale bars: 1 ym. (D) Reflectance spectra corresponding to all the samples exhibited in (C).

UV range by—for example—decreasing the pore size, however
without altering the effective center-to-center distance D, to
preserve the coherent scattering. This might seem as a paradox
since it is not possible to perform such alteration without
modification of the particles’ surfaces with an additional
material layer™” to increase D, or without modification of the
whole processing chain. As a proof of concept, we show that
this paradox might be solved by postprocessing modification
via atomic layer deposition, discussed in the Supporting
Information (Figure S4), but needs a dedicated study to enable
tailoring of the colors. Since the primary focus of this study was
to demonstrate the fabrication of noniridescent PDC-based
structural colors with high color saturation and the transfer of
the optimal design concept to an AM process, we hereby
describe further process—structure—property relationships
focusing on FGM-PhG design and a PMMA-template size of
406 nm.

By adjustment of the amounts and concentrations of the
PMMA dispersions and MK solutions, the final PhG layer
height after pyrolysis could be varied (Figure SC), showing an
optimized behavior for layer thicknesses around 1 pm.
Optimizing the PhG layer height in the produced FGM-PhG
samples is a trade-off between homogeneity and color
brightness, so that almost no structural color is visible for
the thinner PhG layer height of ~0.2 pm. In this sample, the
incident radiation is mainly absorbed by the underlaying PDC
layer, reducing the reflectance to 3% or less in the visible
wavelength range (Figure SD). The sample with ~1.3 ym of
PhG layer height was crack-free at the macroscale; however,
the reflectance in the visible wavelength range was up to three
times lower than for the sample with ~4.8 ym height (max. 9%
vs 28% reflectance, respectively), showing that the brightness
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scales with PhG layer height, as in the study by Hintsch et al.”
Nonetheless, the thicker sample presented visible cracks and a
less uniform coloration. The cracks were mainly formed at the
second step of sample fabrication due to dispersion medium
evaporation, i.e., capillary shrinkage cracking, also reported in
previous studies.””" Further increasing the thickness to ~13
pum led to a pronounced and abrupt whitening of the samples
(Figure SS). Here, not only the increased thickness was the
cause for loss in color but also a significant amount of micron
sized pores that can be seen in the SEM cross section next to
the submicron pores originating from the PMMA-template
particles. These additional pores are also present in FGM-PhG
samples with smaller thickness, however in a smaller amount.
The origin of these pores can be attributed to several reasons:
voids could already be observed in SEM cross sections after
PMMA particle assembly (Figure S6), but the number of pores
in the pyrolyzed sample is too large to be caused only during
particle assembly. Additionally, volatile gases formed during
heat treatment could potentially have contributed to such large
pores. Both MK and PMMA form volatiles; however, such
porosity could not be observed in bulk MK samples after the
pyrolysis. Thereby, it is concluded that the pores were formed
due to the presence of PMMA particles and their burnout.
Additive Manufacturing of FGM-PhG Structural
Colors. To emphasize the exceptional processing flexibility
of PDCs over traditional ceramics manufactured from
particulate ceramic raw materials, the previous three-step
coating process was adapted to an AM process. Specifically,
direct writing was selected, §iven its ability to process inks with
a broad range of viscosities.”” The characterization of the inks’
rheological properties showed that the MK-absorber ink
presented a shear-thinning flow behavior, which is desirable
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Figure 6. (A) Shear rate ramps of various printing inks. (B) Strain sweep of the MK-absorber ink. (C) Time-resolved curing analysis of the MK-
absorber ink. (D) Stress sweep for the MK-absorber ink. (E) Photographs of FGM-PhG butterflies printed with PMMA dispersions of varying

concentrations.

for direct writing due to the facilitated extrusion of the ink
followed by stability of the printed filament upon removal of
load (Figure 6A). The shear-thinning characteristic was
additionally confirmed by the flow index ng = 0.7 (hence,
smaller than 1), which was determined by an Ostwald-de
Waele fit of the data. In addition to its shear-thinning behavior,
the MK-absorber ink also exhibited a linear viscoelastic (LVE)
regime up to a strain of 1%, indicating the ink’s yield point
(Figure 6B) with a corresponding yield stress of approximately
25 Pa (Figure 6D). Additionally, the rheometry measurements
also indicated the flow point of the ink at 2% strain and 42 Pa
of shear stress. This value assured that the ink could be
continuously extruded by our lab-size printer (BioX from
CELLINK) with a pressure limit of 200 kPa. Meanwhile, both
MK-infiltration ink and PMMA dispersions exhibited very low
viscosities, leading to noticeable fluctuations in the measured
data, necessitating a reduction in the shear rate interval to 0.5—
100 s™'. Neither of these inks demonstrated a significant
increase or decrease in viscosity over the measured interval,
with both yielding an average viscosity of 1.9 mPa s, suggesting
a potential Newtonian fluid behavior, however imprecise taking
into account the instrument’s resolution limitation. Nonethe-
less, the measured value fits very well to previously reported
values for the viscosity of IPA at 20 °C.*° The low viscosity
combined with high wettability on cured MK surfaces was
advantageous for the AM process, enabling both inks to spread
over the previously printed MK absorber layer and to create a
PhG template with micrometer-sized thickness.

To establish a printing window, it was necessary to gain
further understanding of the curing process of the MK-
absorber ink for which a time-resolved oscillation experiment
was conducted at a constant frequency and amplitude within
the LVE regime (1 Hz and 0.01% strain, respectively). The
MK-absorber ink gradually increased in viscosity with the
ongoing curing time (Figure 6C). The phase angle § formed a
peak only after 150 min, denoting the beginning of the
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formation of a cross-linked polymer network.”” Up to this time
point, the polymer should be technically extrudable. However,
given the printing setup used and a pressure limit of 200 kPa,
the MK-absorber ink could be continuously extruded for about
40 min, corresponding to a complex viscosity #* of 3.8 kPa s.
Longer printing times may be achievable through the
application of higher extrusion pressures, although this was
not a requirement in this study.

Building on previous findings, we printed a butterfly design
with a pre-pyrolysis wingspan of 40 mm as an exemplary
printed FGM-PhG sample. As shown in Figure 6E, the
butterfly’s perimeter was accurately reproduced, and sections
printed with a single strut demonstrate that the MK-absorber
layer sufficiently retained its shape, allowing the printing of
curved geometries. However, some neighboring struts within
the wings coalesced, which indicates a “printing resolution”
limitation for this ink. Future improvements in flow behavior
may be achieved by incorporating rheology modifiers,”*>’
having in mind the requirement that these should not interfere
with the pyrolysis process or the color impression. Following
the cure of the absorber layer, the PhG layer was printed on
top of it using a particle concentration of 50 mg mL™". Lower
concentrations resulted in a patchy final PhG layer, while
higher concentrations did not significantly enhance the final
color saturation and often led to needle clogging during
printing.

The resultant FGM-PhG butterfly exhibited saturated blue
structural coloration (Figure 6E) after heat treatment (Figure
1B), thus demonstrating the successful transition from the
coating process to an AM process. This process, compared to
previous work on AM of ceramic structural colors,”!
significantly reduces the required amount of monodisperse
dispersion by employing a solid SiOC absorber layer and a yim-
thin PhG layer. This translates into substantial cost savings and
presents a novel, sustainable printing alternative for ceramic
structural colors.
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High-Temperature Stability Study. To analyze the
thermal stability of the FGM-PhG structural colors, starting
samples with lower thickness were selected due to their
macroscale crack-free appearance, albeit not having the
brightest colors (see Figure SC and accompanying discussion).
The samples were heat-treated in an air atmosphere and
exposed to different temperatures ranging from 800 to 1200 °C
with varying dwell times ranging from 1 to 100 h (Figure 7).
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Figure 7. (A) Photographs and associated SEM images of FGM-PhG
samples after exposure to various temperatures for different durations.
Scale bars: 1 um. (B) Reflectance spectra corresponding to each
sample depicted in (A). (C) TGA profiles for MK heat-treated in
nitrogen and synthetic air.

The samples heat-treated at 800 and 1000 °C retained their
blue structural color (Figure 7A) with an additional improve-
ment in their color saturation. This was associated with a
significant increase in their reflectance (Figure 7B), attributed
to the removal of the “free” turbostratic carbon at increased
temperatures by the oxygen contained in the air atmosphere.*’
The turbostratic carbon is originally formed during pyrolysis in
nitrogen, but remains unoxidized in the inert atmosphere.'®*’
This was additionally evidenced by a greater mass loss for MK-
samples pyrolyzed in oxygen than in the samples pyrolyzed in
nitrogen (Figure 7C): 15.9 wt % vs 12.7 wt %, respectively.
The reduction of turbostratic carbon decreases the amount of
absorbing moieties in the SiOC material and, thus, of the
FGM-PhG structures, hence increasing their reflectance.
Despite the oxidation of free carbon, the material is still
clearly able to absorb light in the visible wavelength range,
thereby sustaining the samples’ structural coloration. Detri-
mental morphological changes in the microstructure of the
photonic samples were not observed at these temperatures

(Figure 7A). Conversely, upon increasing the temperature to
1200 °C, the samples clearly sintered with complete
destruction of the 3D porous photonic structure, yet
maintaining the absorber layer. Thereby, the samples heat-
treated at this temperature consistently showed low reflectance
of about 5% across the entire visible wavelength range.

To probe the influence of sustained heat exposure on the
FGM-PhG, the samples were subjected to heating at 1000 °C
for extended periods of 10 and 100 h. Remarkably, even after a
100 h exposure, no structural deformation or additional change
in color or corresponding reflectance was observed. This
indicates the high stability of the PDC-based FGM structural
color provided that the temperature is kept below the 1200 °C
limit. Compared with prior research presenting high-temper-
ature stable structural colors, the thermal stability of the hereby
developed PDC-based FGM-PhG structural color greatly
exceeds those previously reported.””"*® The reason for that
lies on the fact that previous studies have focused on
incorporating additional absorbers within the 3D photonic
structure such as carbon black”*® or metal oxide nano-
particles.” Nonetheless, carbon black has been reported to
oxidize at relatively low temperatures (~350 °C),*° while
metal oxide absorber particles that were added to a silica PhG
structure could withstand a maximum temperature of 900 °C.°
Our work demonstrates the advantages of adding an already
relatively high-temperature stable material, SiOC, as an
absorber material and using the 3D nanostructuring of the
same PDC to generate color in an FGM approach. To the best
of the authors’ knowledge, the FGM-PhG structural color
presented in this study is the most thermally stable ceramic
structural color ever reported.

B CONCLUSIONS

This study demonstrated for the first time that noniridescent
structural colors can be produced from the highly absorbing
ceramic SiOC material also known as “black glass” when 3D
nanostructuring is introduced into the material system. To
exploit the light absorbing material characteristics combined
with the 3D structure reflective characteristics, the design
concept of FGM-PhG was introduced, thereby producing PDC
structural coloration with high color saturation even in front of
white backgrounds with highly illuminated surroundings.

An investigation of the process—structure—property relation-
ships was used to optimize the color impression. Colloidal-
assembly was guided by dispersion medium modification,
where the smaller surface tension of IPA prevented
crystallization during dispersion medium evaporation, while
assuring good wetting of the MK-based absorber layer. An
optimal value was identified for the PhG feature size, above
which single feature resonances dominate the 3D PhG
reflectance behavior. Meanwhile, the optimal PhG layer height
was identified as a trade-off between uniformity and color
brightness. To showcase the exceptional processing flexibility
of PDCs compared to traditional ceramics, the three-step
coating process was converted into an AM process, proving
that the discovered design requirements could be directly
transferred to printed geometries. The excellent thermal
stability of the SiOC ceramic material is preserved after the
nanostructuring into 3D PhGs, which maintained their
structural coloration even when exposed to 1000 °C for 100
h, greatly outperforming previously reported structures.
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B METHODS

Preparation of Inks. In this study, two sample preparation
strategies were employed: a three-step coating deposition method and
AM. Both strategies utilized three types of inks to first create the
absorber layer and then subsequently deposit the PMMA PhG
template on top of it and infiltrate the PMMA PhG template with the
preceramic polymer. Finally, the FGM-PhG samples were obtained
via tailored pyrolysis (Figure 1A,B). For this study, SILRES MK
(Wacker-Chemie GmbH, Miinchen, Germany), a commercial
polymethylsiloxane, was used as the preceramic polymer.

For the absorber layer, 18.6 wt % of isopropyl alcohol (IPA) was
added to MK (weight ratios are stated with respect to the amount of
MK) based on an ink preparation protocol previously reported in
literature."” To aid homogenization of the solution, the mixture was
heated to 70 °C and stirred in an enclosed vial for at least 30 min.
Once a homogeneous solution was formed, the vial was cooled to
room temperature. Right before shaping (either via doctor blading or
AM), 0.5 wt % of cross-linking agent (GF91, Wacker-Chemie GmbH,
Miinchen, Germany) was added. For the PhG structure, aqueous
PMMA dispersions (Microparticles GmbH, Berlin, Germany) were
dried at room temperature to form loose particle agglomerates, which
were subsequently redispersed in IPA and sonicated for at least 30
min in an ultrasonic bath. The dispersions in IPA were freshly
prepared for each sample preparation to avoid significant swelling of
the particles in the dispersion. Dispersions with varied particle
concentrations (12.5, 20, 25, 50, and 100 mg mL™") and various
average diameters (286, 406, and 499 nm) were prepared for the
parameter studies (more details in the following section). At last, an
infiltration solution with a MK concentration of 2.1—8.4 mg mL™" was
prepared in IPA and, right before infiltration, 2 wt % of the cross-
linker GF91 was added to the solution. The concentrations were
defined and varied based on an approximation of the required amount
of MK to fill the pores in the PMMA PhG template (estimated
packing fraction 0.64) as well as based on the amount of solution
required to wet the entire PhG template.

Coating Deposition. All coating deposition steps were performed
at room temperature and under ambient conditions; i.e., the choice of
using MK as the preceramic polymer allowed us to fabricate samples
without the need of a glovebox. To produce FGM-PhG samples, a
bulk (nonporous) MK-layer was first deposited via doctor blading on
Parafilm employing a MK—IPA solution (described in the previous
section). Parafilm was used as the substrate material for sample
preparation to allow easy sample removal once the sample was cured.
Additionally, a stiff PLA sheet aided as a support to prevent
deformation of the Parafilm during doctor blading (Figure 1A). To
control the shape and thickness of the bulk MK-layer, custom
thermoplastic polyurethane (TPU) molds produced via fused
deposition modeling were used. The absorber layer was allowed to
cure for at least 12 h at room temperature prior to PMMA PhG
template deposition. The PMMA~—IPA dispersions were deposited
inside a second TPU ring that was placed on top of the first ring to
allow spreading of the PMMA~—IPA dispersions on the MK absorber
layer, while constraining the area to the MK absorber layer surface
(Figure 1A). By constraining the drop cast area with the second TPU
ring, we could additionally control the structure thickness by simply
varying the drop-cast volume. The cast volume and the particle
concentration as well as the particle size were varied to study various
process—structure—property relationships (see Supporting Informa-
tion, Table S1). The dispensed PMMA~—IPA dispersions were dried
for 1 h. After drying, the PhG template was infiltrated with a MK
solution. The concentration of MK was adjusted to the amount of
deposited PMMA particles (see Supporting Information, Table S1).
Additional samples were produced on sapphire substrates to
investigate the optical properties without the first absorber layer
and with PhG templates produced from aqueous PMMA dispersions.
To improve wetting of the sapphire substrates, they were initially
plasma cleaned (20 min exposure to an oxygen plasma; Polaron
PT7160, Quorum Technologies), followed by heating at 80 °C on a
hot plate. PTFE rings with a diameter of 20 mm were used to define

the drop-cast area of 150 uL of aqueous PMMA dispersion at 20 mg
mL™" with various particle sizes (286, 406, and 499 nm). During
drop-cast, the temperature was kept at 80 °C, thereby reducin
evaporation time to improve homogeneity of the particle deposition.’
After 1 h of drying time, infiltration was performed with 100 uL of 8.4
mg mL™" MK solution in IPA at room temperature. All infiltrated
samples were cured for 12 h at room temperature prior to pyrolysis.

Additive Manufacturing. After investigating and determining
the design principles for the FGM-PhG samples via coating
deposition, the three-step processing strategy was transferred to an
AM process, namely, direct writing. Here, we used the extrusion-based
BioX printer (CELLINK, Gothenburg, Sweden) equipped with a 3
mL cartridge pneumatic print head. For each aforementioned printing
step and ink, different printing parameters were chosen based on the
inks’ rheology (discussed in the Results and Discussion section) and
filament stability (Table 1).

Table 1. Printing Parameters for the Three Printing Steps
and Inks”

pressure printing speed
ink nozzle/needle (kPa) (mm s~!
MK in IPA type I 20 GA nozzle 80—130 S
PMMA in IPA 20 GA needle 2—4 S
MK in IPA type II 27 GA needle 2—4 S

“For a detailed description of the ink composition and preparation,
please refer to Preparation of Inks.

To facilitate the cartridges’ filling, they were filled with the heated
(70 °C) MK solution and let cool down to room temperature prior to
the absorber layer printing. After addition of the cross-linker, the
cartridges were mixed in a planetary mixer (ARE 250, Thinky, Japan)
twice for 1 min at 2000 rpm to homogeneously distribute the cross-
linker inside the viscous MK solution. The absorber material was
deposited on Parafilm in less than 30 min to avoid premature curing
during printing and then cured for 12 h at room temperature prior to
subsequent processing steps. For the printing of the PMMA PhG
template on top of the absorber layer, PMMA—IPA dispersions with a
concentration of 50 mg mL™" and particle diameter of 406 + 10 nm
were utilized, while a 8.4 mg mL~! MK—IPA solution with 2 wt %
cross-linker was used for infiltration. The printed samples were cured
for 12 h at room temperature prior to removal of the Parafilm and
subsequent pyrolysis.

Heat Treatment. Following the sample preparation process, the
FGM-PhG samples were heat-treated in a tube furnace under a
nitrogen atmosphere for MK cross-linking, PMMA-template removal,
and finally conversion via pyrolysis of the preceramic polymer into a
SiOC-PDC (Figure 1B). The cycle parameters were selected based on
a previously reported cycle developed by Colombo’s group for
samples containing the same preceramic polymer MK and also
PMMA-template particles.'” In the first segment of the heating cycle,
the temperature was gradually increased from room temperature to
300 °C at a heating rate of 1 °C min~". The FGM-PhG samples were
then allowed to dwell at 300 °C for 3 h to enable cross-linking while
also removing the PMMA. Subsequently, the temperature was further
raised to 1000 °C, where the samples were kept for 2 h. The cooling
process was conducted inside the furnace at a cooling rate of 5 °C
min~".

Characterization. Thermogravimetric analysis (TGA) was
conducted on dried PMMA particles, cured MK, and their mixtures
(STA449 FS, Netzsch Geritebau GmbH). The samples were
subjected to a heating ramp of 10 °C min~" up to 1000 °C under a
nitrogen atmosphere, enabling the study of the decomposition and
pyrolysis process. DTG data were acquired from the derivative of the
TGA data with respect to time. Rheological properties of the inks
were determined by rotational rheometry (Kinexus Pro, Netzsch) at a
constant temperature of 20 °C. The samples were presheared for 10
min at 100 s™' to eliminate flow history, and 40 mm roughened
parallel plates were used to minimize sample slippage during
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measurement. The gap size was set to 1 mm for MK-absorber ink and
0.2 mm for low viscous PMMA~—IPA dispersion as well as MK—IPA
infiltration ink. Contact angle measurements were performed with a
custom-made droplet deposition device. Submillimeter-sized droplets
were deposited on cured MK substrates using a 25 uL syringe (1702
RN, Hamilton Company) with a polytetrafluoroethylene-coated
needle (inner-diameter of 0.127 mm, Hamilton Company). Side
view monitoring of the deposited droplets was accomplished via a
CMOS camera (EO-10012C 1/2” CMOS, Edmund Optics) with a
SX optical magnification lens, positioned adjacent to the sample stage.
Average contact angles were computed using Image] software, based
on five repeats.

Microstructural analysis was performed by scanning electron
microscopy (Zeiss Supra VPSS) with an accelerating voltage of 1.5
kV at an average working distance of around S mm, while elemental
information was acquired with 10 kV at a distance of 8 mm and the
energy-dispersive X-ray spectroscopy module. X-ray diffraction
(Bruker AXS D8 Advance, Cu Ka) analysis was used to characterize
the phase formed after pyrolysis.

Optical properties, namely, diffuse reflectance spectra, was acquired
in the visible wavelength range using a UV—vis—NIR spectropho-
tometer (Lambda 1050, PerkinElmer) equipped with an integrating
sphere accessory. High-temperature annealing experiments were
performed in a chamber furnace in an air atmosphere. The samples
were heat-treated at 800, 1000, or 1200 °C for 1 h. Further longer
dwell times of S, 10, and 100 h were investigated at 1000 °C. The
heating rate was set to 5 °C min~", while cooling was performed with

a rate of 10 °C min™".
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