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ABSTRACT
Supercritical carbon dioxide (scCO2) is a widely applied solvent utilized in many physical–chemical processes, including the 
foaming or structuring of polymers. Here, we demonstrate that the last two can be combined in one process step applying an 
incomplete saturation strategy, resulting in foamed and structured polymer sheets with multi-functionality. Caused by the nano- 
and micropores, the polymer sheets scatter light, leading to a white color impression. Due to the imprinted nano- and microstruc-
tures, the polymer surfaces feature an increased water contact angle and reduced optical reflection due to the moth-eye effect.

1   |   Introduction

Supercritical CO2 (scCO2) is frequently applied in chemical en-
gineering [1–4]. Foaming with scCO2, for example, has been 
proven to be a suitable method to produce nanopores in polymer 
foils and particles [5–7]. If these pores effectively scatter light of 
all visible wavelengths, the foaming of the polymer results in its 
pigment-free white appearance, even though the unprocessed 
material might be transparent. Consequently, this process might 
be utilized for the whitening of surfaces, replacing TiO2 parti-
cles as scatterers which are under critical discussion due to their 
energy-intensive production [8] as well as their potential harm 
to human health by nanometer-sized TiO2 particles [9–11].

Additionally, (supercritical) CO2 may also assist in the imprint-
ing of nano- and microstructures in polymer surfaces [12–16]. 
Such CO2 assisted embossing strategies employ that pressur-
ized CO2 plasticizes polymers with good CO2 solubility [17]. 
Thus, the effective glass transition temperature Tg decreases 

strongly, and the polymer eventually becomes deformable even 
at room temperature [18, 19]. Consequently, embossing is pos-
sible at greatly reduced operation temperatures compared to 
conventional approaches like hot embossing or thermal nano-
imprinting, where the polymer is heated close to or over its glass 
transition temperature Tg [20]. Therefore, CO2 assisted emboss-
ing is a promising alternative, especially for the processing of 
thermally degradable polymers [12]. Furthermore, CO2 assisted 
embossing leaves no traces of solvent behind in the polymer and, 
due to the easy separation of mold and sample, chemical release 
agents can be omitted [12].

Interestingly, foaming and structuring with scCO2 have been 
considered as two independent processes so far. Foaming was 
even considered an unwanted effect during CO2 assisted em-
bossing, and actively prevented [13]. Here, we demonstrate that 
scCO2 can be utilized for simultaneous foaming as well as nano- 
and micro-structuring, resulting in pigment-free white polymer 
sheets with functional surface structures.
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2   |   Experimental

2.1   |   PMMA Sheets

The utilized sheets of poly(methyl methacrylate) (PMMA) 
(UPAG AG) had a nominal sheet thickness of 1 mm. To fit into 
our autoclave, the respective polymer sheets were trimmed to 
squares with a size of 15 × 15 mm2.

2.2   |   Processing of Polymer Sheets With 
Supercritical Carbon Dioxide

To achieve scCO2 assisted simultaneous imprinting and foam-
ing of polymer sheets, we extended our previously applied 
batch process [5, 7]. For that, the polymer sample is placed into 
a home-built autoclave, displayed in Figure 1a, which is subse-
quently sealed. A syringe pump (ISCO D-Series) pressurizes the 
CO2 and leads it into the autoclave. In this way, the polymer is 
exposed to CO2 at constant temperature and pressure, which 
causes its Tg to decrease, that is, it gets plasticized [17]. In the 
next step, the pressure is rapidly released; thereby, the solubility 
of CO2 in the polymer matrix decreases. Due to the new pres-
sure and temperature conditions, the polymer becomes super-
saturated, and nucleation occurs [1, 21, 22]. Consequently, pores 
start to grow as CO2 diffuses out of the polymer matrix into nu-
clei of a critical size. Hereby, the glass temperature rises again, 
and the pore structure stabilizes as Tg reaches the temperature 
of the sample [1, 21, 22].

For the combination of the foaming process with imprinting of 
structures, we extended our setup with structured molds, that 
are pressed into a polymer surface during the foaming process 
with scCO2. In previous studies, the mold was pressed into 
the polymer sample with the help of weights [12] or clamps 
[14]. Here, we utilized neodymium magnets (Type NdFeB 
N45, EarthMag GmbH, Germany) with two different nominal 

strengths (5 and 8 kg) to press the mold into the polymer sur-
face [5]. In this way, the sample and mold are sandwiched 
between the magnets. As the thickness of the molds and the 
PMMA sheets are about 0.4 and 1 mm, respectively, the mag-
nets are 1.4 mm apart. However, due to the direct contact of 
the PMMA sheet and the backside magnet, it simultaneously 
acts as diffusion barriers, limiting the diffusion of scCO2 into 
the polymer sample. Therefore, to facilitate scCO2 diffusion 
from the bottom of the polymer sheet, a metal wire mesh 
(mesh size = 0.5 mm) was placed between the sample and one 
magnet, as shown in Figure 1b.

As Wang et al. [12] reported that the imprinting of the mold into 
the polymer improves with increasing scCO2 pressure, we applied 
the highest suitable pressure of our setup, which is 50 MPa. The 
exposure time was 30 min and the applied process temperatures 
were 40°C, 60°C, and 80°C. The latter value is the maximum oper-
ating temperature of the magnets, specified by the manufacturer, 
limiting our process temperature. With the applied process pa-
rameters above 10 MPa, we do not expect to be retrograde region 
reported in some studies on PMMA treated with scCO2 [23–25].

2.3   |   Molds

We used metallic molds in our study, as polymer molds might 
get plasticized by CO2 and ceramic molds are not suitable for the 
fast temperature changes during pressure release. Two types of 
electroplated molds manufactured via interference lithography 
[26, 27] were utilized for the structuring of bio-inspired micro- 
and nanostructures, respectively.

A shim featuring micro-scaled structures to mimic the lotus ef-
fect was fabricated at the Fraunhofer Institute for Solar Energy 
Systems (ISE, Freiburg, Germany). Its microscale bumps have a 
squared arrangement and an average peak-to-peak distance of 
about 3.22 μm and an average depth of about 2.42 μm.

FIGURE 1    |    (a) Photo of the autoclave. Its cylindrical cavity is 90 mm high and has a diameter of 27 mm. (b) Schematic sample arrangement uti-
lized for foaming and simultaneous patterning of a polymer sheet with scCO2 in a batch process. The gray open cylinders at top and bottom represent 
the opened autoclave shown in (a). To facilitate diffusion of scCO2, a wire mesh can be placed between sample backside and magnet. Without it, the 
magnet and the mold insert act as diffusion barrier. The applied process temperatures in this study were between 40°C and 80°C with an applied 
pressure of 50 MPa. [Color figure can be viewed at wileyonlinelibrary.com]
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A nanostructured nickel mold (Type HT-AR-02XS, temicon 
GmbH) with nanoscale nipples was used to replicate a moth's 
eye structure. The mold is designed to imprint polymers to re-
duce the reflectivity below 0.2%. It has a size of 25 × 25 mm2 and 
features a 20 × 20 mm2 large area of hexagonally arranged na-
noscale nipples. The nominal average depth (vertical distance 
from peak to adjacent valley) is about 350 nm, and the nominal 
peak-to-peak distance is 290 nm. Since the original mold was 
too large for our autoclave chamber, we produced a smaller 
replica of it. For that, the original nanoscale pattern was first 
transferred into a sheet of PMMA by hot embossing [20] at a 
temperature of 155°C and with a force of 30 kN. This negative 
polymeric replica of the mold was metallized with Cr/Au using 
PVD processing and subsequently electroplated with nickel, re-
sulting in a positive copy of the original mold. A standard nickel 
sulphamate electrolyte was used, and the current density was 
increased stepwise with 0.1, 0.25, 0.5 and 1.0 A/dm2 applied for 
exposure times of 60, 66, 2, and 24 h, respectively. The final copy 
in nickel, separated from the PMMA replica by lift-off, had a size 
of about 1.5 × 2.0 cm2 and an average structure depth of about 
310 nm.

2.4   |   Analytical Methods

2.4.1   |   Optical Microscopy

Surface and pore structures were inspected with an optical mi-
croscope (Axioscope 5/7/Vario, Zeiss GmbH, Germany). The 
open-source image processing package Fiji was used for the 
evaluation of the micrographs [28].

2.4.2   |   Scanning Electron Microscopy

Scanning electron microscopy (SEM, Zeiss SUPRA 60 VP, Zeiss 
GmbH, Germany) was applied for the characterization of sur-
faces and pore structures. Non-metallic samples were sputtered 
with a thin layer of silver before imaging. Again, the image pro-
cessing package Fiji was utilized for further analysis [28]. Based 
on the SEM micrographs, the cell density N0 in different sec-
tions of the samples was calculated utilizing the approach of Li 
et al. [29]

here Nf is the number of pores per μm3 of foamed polymer cal-
culated by Nf = (n/A)3/2 with n the number of pores in the area 
A [μm2] occupied by pores. Vf is the volume occupied by the 
(spherical) pores per μm3, which is estimated by

where D is the average pore diameter.

2.5   |   Atomic Force Microscopy

Surface height profiles of embossed polymer structures and the 
respective molds were examined by atomic force microscopy 
(AFM, Dimension Icon, Bruker AG, Germany). Rectangular 

silicon cantilevers (All-in-One, Budget Sensors) were used for 
imaging in dynamic mode (tapping-mode). The evaluation of 
the topography was conducted with the open-source software 
Gwyddion [30].

2.6   |   Contact Angle Measurements

To determine the influence of the imprinted structures on the 
wettability of the polymeric surfaces, a commercial contact 
angle meter (Dataphysics OCA 40 micro) was used for static 
contact angle measurements. The automatic dispenser was set 
to a liquid volume of 1 μL with a dosing rate of 1 μL/s. The sam-
ples were rinsed with de-ionized water to remove possible dirt 
particles sticking to the surface and carefully dried with com-
pressed air.

2.7   |   Optical Spectroscopy

The optical properties of the samples were examined via reflec-
tance measurements with a UV–Vis–NIR Spectrophotometer 
(Lambda 950, PerkinElmer) equipped with an integrating 
sphere. All measurements were normalized with a diffuse re-
flectance standard (Spectralon, Labsphere).

3   |   Results and Discussion

3.1   |   Incomplete Saturation Strategy

Our initial tests with the set-up shown in Figure  1 revealed 
that treatments with scCO2 easily imprint the mold's structure 
into the polymer's surface. However, if the polymer sheet is 
allowed to saturate completely with scCO2, we saw unwanted 
deformations of the structured surface. This observation 
agrees with previous studies reporting deformations caused 
by the imprint of gas voids for polymer particles foamed in 
a diffusion barrier [7, 31]. To avoid this unwanted effect, we 
applied an incomplete saturation strategy where the polymer 
is foamed and structured after an exposure time that is in-
sufficient to completely saturate the polymer throughout the 
material's thickness. Consequently, the scCO2 concentration 
is reduced towards the side covered with the mold and this 
side is not foamed, preventing unwanted deformations (see 
more detailed discussion below).

To achieve an incomplete scCO2 uptake, we roughly estimated 
the exposure time in the following way. Based on the diffusion 
coefficients from literature for scCO2 and PMMA at 38°C and 
25 MPa, a PMMA sheet of 1 mm thickness has a saturation time 
between 25 and 260 min depending on the respective molecu-
lar weight [29]. As the last parameter was not exactly known 
in our case, we chose the shortest saturation time. Additionally, 
we considered an additional time span of 5 min to account for 
the prolonged saturation from one side. Thus, an exposure time 
of 30 min was applied in all experiments presented here. As 
sketched in Figure 1b, we considered two sample arrangements.

For hindered diffusion, sheet and mold were clamped directly 
between two magnets without a wire mesh. In this case, the 

(1)N0 = Nf ∕
(

1 − Vf
)

(2)Vf = (π∕6) D3 Nf
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polymer sheets stayed transparent after the scCO2 treatment 
at different temperatures, as shown in Figure 2. Only a white 
frame indicates foaming of the polymer caused by diffusion of 
scCO2 from the edges. The noticeable extension of the foamed 
frame with increasing foaming temperature is due to the faster 
diffusion at higher temperatures [29, 32]. However, although the 
inner part of the PMMA sheets stayed transparent, an iridescent 
surface is observable with the naked eye. This optical effect al-
ready indicates the successful imprint of microstructures into 
the polymer surface, acting as a diffraction grating.

To facilitate diffusion, we placed a wire mesh at the bottom 
side of the polymeric sheets. Subsequently, we treated the stack 
of magnet, mold, polymer sheet, wire mesh, and magnet with 
scCO2 applying the same conditions as for the hindered diffu-
sion. Afterwards, the sheets appear completely white as the bot-
tom side of the sheet is completely foamed. However, as intended 
by the incomplete saturation strategy, the corresponding cross-
sections of these white samples reveal a transparent, unfoamed 
layer at the mold side (see Figure  2). Towards the wire mesh 
side, however, a white, foamed layer is created. Additionally, 
the structure of the wire mesh partly imprints into the foamed 
surface, too. The overall foamed layer thickness increases with 
process temperature. For the samples foamed at 40°C, 60°C and 
80°C, it is about 400, 1000, and 1400 μm, respectively. This ob-
servation can be explained by the fact that the diffusion coef-
ficient increases for higher foaming temperatures, thus scCO2 
diffuses deeper into the polymer [29, 32]. Additionally, the pore 
sizes are expected to increase with rising temperature [33]. This 
effect contributes further to the growth of the foamed layer. The 
optical micrographs of the cross-sections prove that the incom-
plete saturation strategy allows structuring and foaming of the 
polymer sheets as planned.

3.2   |   Analysis of Pore Size and Density

Already, the optical microscopy analysis of samples' cross-
sections presented in Figure 2 revealed that samples processed 
with facilitated diffusion feature a white, foamed side and a 
transparent, seemingly non-porous side. This observation is 
confirmed by SEM images, as shown in the cross-sectional 
overview in Figure 3. The side facing the mold is indeed non-
porous. The wire mesh facing side, in contrast, is porous with 
microscale pores in a transition zone between unfoamed and 
porous divisions. However, as can be expected from the optical 
microscopy images shown in Figure 2, the porous layer extends 
deeper into the polymer sheets for increasing processing tem-
peratures, as the diffusion rate of scCO2 in polymers increases at 
higher temperatures [32]. The porous side shows a distinct size 
gradient, resulting in smaller pores close to the surface facing 
the mesh facilitating diffusion, while the pore size increases to-
wards the transition zone. For samples foamed at 40°C, how-
ever, no transition zone is observed, and the pore diameters are 
smaller than 100 nm. The samples obtained at 60°C and 80°C 
process temperature have pore sizes in the order of a few hun-
dred nanometers close to the mesh side but up to a few microm-
eters close to the transition zone. Macropores larger than 50 μm 
are not considered.

The observation of a gradient in pore size throughout the sample 
is in good agreement with previous studies [34–36]. As in our 
study, the pore size gradient reported by Zhou et al. [35] is due to 
incomplete saturation, but they induced the foaming by subse-
quent heating between hot plates. In the study of Ngo et al. [36] 
the formation of a gradient is caused by a temperature gradient 
in a specifically designed autoclave. Syurik et al. [34] combined 
both strategies with incomplete saturation and a temperature 

FIGURE 2    |    Comparison of PMMA sheets (15 × 15 mm) foamed and microstructured at different temperatures, either without (hindered diffu-
sion) or with a mesh (facilitated diffusion). The PMMA sheets treated with scCO2 without a mesh stay transparent in the middle. The sheets pro-
cessed with a mesh, on the other hand, appear white because the mesh allowed the diffusion of scCO2 into the polymer sheets, resulting in foamed 
white polymer sheets. Nonetheless, both show colorful diffraction patterns caused by the imprinted surface structure. The optical micrographs at the 
right-side display the respective cross-sections of the white foamed and structured samples. The thickness of the respective white layer increases with 
foaming temperature. The structured side, nevertheless, is unfoamed. [Color figure can be viewed at wileyonlinelibrary.com]
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gradient in an additional heating step. The pore size gradient 
achieved by incomplete saturation can be explained by the gra-
dient in scCO2 absorbed throughout the thickness of the polymer 
[35]. Due to short exposure times, a higher saturation is reached 
near the surface, through which CO2 diffuses in, compared to 
regions located deeper in the polymer.

After the pressure quench, the polymer is supersaturated and 
the higher the supersaturation, the lower is the activation energy 
barrier for nucleation [1]. Thus, more nuclei can be formed on the 
side from which the CO2 diffuses in because this region contains 
more CO2. However, more nucleation points are accompanied 
by smaller pore sizes [35], originating from a competition be-
tween pore growth and nucleation [37]. Large pores are formed 
in sections with lower CO2 concentration, as the supersatura-
tion is lower and fewer nucleation points develop. Consequently, 
fewer nuclei are formed in the transition zone and only the CO2 
in proximity to these contributes to their growth. In the non-
porous region, that is, close to the mold side, the CO2 concen-
tration is too low for the formation of nuclei, and no pores are 
observed.

Figure 4 displays the distance dependence of pore radius and 
density for samples processed at 60°C and 80°C. Here, zero 
depth corresponds to the wire mesh side of the sheet from 
where the diffusion took place. As expected, the average pore 
radius increases with increasing distance from the surface of 
facilitated diffusion. This gradual change in pore size along 
the thickness direction depends mainly on the process tem-
perature. Interestingly, it is also influenced by the respective 
strength of the magnets. For lower magnet strengths, the max-
imal pore radii are observed in a deeper region of the polymer. 
This outcome indicates that the magnet strength influences 
the CO2. The pressure exerted by the magnets might hinder 

the swelling of the polymer as it absorbs scCO2 during the 
exposure time. This aspect could be further clarified with an 
autoclave equipped with an observation window, allowing the 
direct observation of the propagation of the diffusion front 
[29, 32].

3.3   |   Characterization of the Imprinted 
Topography by AFM

To evaluate the successful transfer of the nano- and micro-
structures into the polymeric surface, we characterized the 
surface topography by AFM measurements. Figure 5 displays 
typical surface height maps of the applied molds and repre-
sentative micro- and nanostructured samples. A comparison 
confirms that the structure of the molds is well replicated in 
the PMMA sheet. To analyze the influence of the foaming pa-
rameters on replication quality, we compare the height (from 
peak to valley) of the respective molds and structured sheets 
produced at different foaming temperatures, with different 
nominal magnet strengths and for different diffusion con-
figurations (with and without mesh). All data points shown 
in Figure 6 are averages from multiple measurements at 2–3 
different locations on each sample. No obvious trend was ob-
served in terms of the considered foaming parameters. The 
average heights achieved for the micro-structured replicas 
are about 2.2 μm, and they correspond well to the structure 
height of the mold of about 2.4 μm. The nanostructured repli-
cas have a height of about 260 nm which is again close to the 
mold height of about 312 nm.

It is important to mention that the imprinted heights can be in-
fluenced by factors other than the process parameters. For ex-
ample, the detachment of the mold from the sample is a critical 

FIGURE 3    |    SEM micrograph of the cross-section of a foamed polymer, which was exposed to scCO2 diffusion from only one side (mesh side) 
resulting in a pore size gradient. The side facing the mold is non-porous with a structured surface. Between the non-porous and the porous side, a 
transition zone with some large macropores (longer than 50 μm) is formed. Pores closer to the mesh side are smaller than the ones closer to the tran-
sition zone. [Color figure can be viewed at wileyonlinelibrary.com]
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point at which the structures could be inadvertently deformed. 
Furthermore, there is swelling and subsequent shrinkage of 
the polymer during the foaming. Absorption of scCO2 makes 
the polymer deformable; however, at the same time, it swells. 
Thus, it is pressed into the mold in a swollen state, but after the 

pressure drop, the CO2 is released to the surrounding, and the 
polymer shrinks again.

Nonetheless, the height comparison indicates that also the dif-
ference in the pressure applied by the two magnets of different 

FIGURE 4    |    Comparison of the average pore radius and density of PMMA sheets foamed at (a) 60°C and (b) 80°C with the two different magnet 
types (5 and 8.5 kg). The whiskers of the pore radii symbols indicate the standard deviation of the average. All lines are only guides to the eye. [Color 
figure can be viewed at wileyonlinelibrary.com]

FIGURE 5    |    Surface height maps recorded by AFM on the utilized molds with (a) micro- and (b) nanostructure resembling the bio-inspired sur-
faces of a lotus leave and a moth eye, respectively. The surface height maps of the positive replica on the right are shown for representative PMMA 
samples with micro- and nanostructured surface. Both samples were foamed at 60°C, clamped between two magnets of 8.5 kg nominal strength in 
the diffusion facilitating configuration with wire mesh, resulting in a foamed, white sheet of PMMA. [Color figure can be viewed at wileyonlineli-
brary.com]
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strength has no significant influence on the height of the replica 
structures, neither for the micro- nor for the nanostructure. We, 
therefore, speculate that it is possible that much lower contact 
pressures are sufficient for structuring (but not for effective 
foaming of white polymers). This assumption agrees with the 
results of Wang et al. [12] who used a weight of only 200 g for 
the imprinting of micro- and nanostructures into PMMA, even 
at comparable low temperature of 35°C and pressures of 4 to 
19 MPa. However, as discussed in the previous subsection, the 
magnet strength influences pore size and density distribution.

3.4   |   Surface Functionality: Contact Angles 
and Optical Reflection

After successful imprinting of the nano- and microstructures, 
a noticeable change in terms of surface functionalization can 
be expected. The microstructured mold is intended to increase 
the water repellence as it is inspired by a lotus leaf while the 
nanostructured mold is designed in accordance with a moth eye 
structure reducing optical reflection. Therefore, we measured 
both properties on the structured PMMA sheets.

First, we conducted contact angle measurements on different 
spots of the structured samples. A non-processed, flat PMMA 
sample served as reference. Figure  7 compares the average 
static contact angles for micro- and nanostructured samples 
processed at foaming temperatures of 40°C, 60°C, and 80°C, 
utilizing the 5 and 8.5 kg magnets. Both types of diffusion 
management (facilitated or hindered) were included in the 
assessment. Compared to the unstructured reference, the 
contact angle increased significantly due to the structuring. 

With an average contact angle of around 80°, the smooth, 
unprocessed PMMA surface is hydrophilic, but it becomes 
hydrophobic after structuring. The averaged contact angles 
measured on the structured sheets vary roughly between 110° 
and 120°, the whiskers represent the measured maximum and 
minimum values.

This outcome agrees with previous studies showing that intro-
ducing surface roughness enhances the contact angle of an ini-
tially flat PMMA surface [38, 39]. Our results are comparable to 
the study of Fritz et al. [38] who achieved static contact angles of 
(121.0 ± 6.0)° on patterned PMMA, although the flat PMMA ex-
hibited a contact angle of (72.2 ± 2.0)°. An even greater increase 
in the surface angle was reported by Ma et al. [39] who achieved 
superhydrophobic surfaces (154.3 ± 3.9)° from hydrophilic 
PMMA by a combination of micro- to nanoscale surface porosity 
and the reorientation of the hydrophobic and hydrophilic groups 
in the polymer chains.

In addition to the wetting behavior, a surface structure also in-
fluences optical properties. As previously mentioned, the nano-
structured mold is designed to reduce the surface reflection in 
accordance with the moth eye effect [40, 41]. And, indeed, as 
shown in Figure 8a, the total reflectance of light is greatly re-
duced from about 10% for a flat reference sample to about 7% 
for transparent samples (hindered diffusion). The low reflec-
tance for all samples observable for the short wavelength below 
350 nm can be readily explained by the absorbing properties of 
PMMA in the UV [42].

However, also the inner structure of a material influences its op-
tical appearance. As previously shown in Figure 2, the foaming 

FIGURE 6    |    Comparison of the obtained heights of the micro- and nanostructured samples processed at 40°C, 60°C, and 80°C processing tem-
perature without and with the mesh facilitating CO2 diffusion. Magnets with a nominal magnet strength of 5 and 8.5 kg were utilized. The height of 
the respective sample and the utilized molds were determined by multiple profile measurements at three points on each sample.
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with facilitated diffusion in wire mesh configuration turned all 
samples white. To determine their optical properties, we per-
formed reflectance measurements for these, too. As already de-
scribed, the foaming temperature influences the pore size and the 
layer thickness of the foamed part in the sample. At 40°C foaming 
temperature, the pores were about 100 nm in diameter, and the 
reflectance was consistently lower than for the samples foamed 
at 60°C or 80°C. These latter two did not differ significantly in 
reflectance, so that the samples foamed at 60°C are displayed in 
Figure  8b to emphasize the influence of the surface structure. 
Also, the different magnet types had negligible influence on the 
reflectance properties. Therefore, only the results for the 5 kg mag-
nets are shown here (see Ref. [43] for more details and spectra).

As shown in Figure 8b, the micro- and nanostructured samples 
feature similar reflectance. They are even close to a smooth 
reference sample, foamed with a glass slide instead of a mold. 
The similar reflectance values achieved suggest that the surface 
structuring does not interfere with the high reflectance caused 

by the inner foam structure. Indeed, the reflectance is close to 
100% in the visible range. This means that the foamed samples 
scatter nearly as well as the white reference standard due to the 
light scattering pores.

To conclude, we enhanced the static contact angle strongly for 
both types of imprinted surface structures, resulting in hydro-
phobic, but not superhydrophobic surfaces. Thus, water drops 
dispensed on the structures cannot roll off at low tilting angles, 
which is a prerequisite for self-cleaning inspired by plant leaves 
[44]. Nonetheless, the moth eye inspired nanostructure greatly 
reduces the surface reflection.

4   |   Conclusion and Outlook

In this study, we demonstrated simultaneous molding and foam-
ing of polymers utilizing supercritical carbon dioxide. The pre-
sented setup, where the mold is pressed into the polymer sheets 

FIGURE 7    |    Average static contact angles of micro- and nanostructured samples and a flat sheet of PMMA as reference. The structured samples 
were processed at 40°C, 60°C and 80°C foaming temperature for two different magnet strengths (5 and 8.5 kg). The whiskers indicate the maximum 
and minimum static contact angles achieved. The dashed line marks the border between hydrophilic (< 90°) and hydrophobic (> 90°) contact angles. 
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8    |    (a) Total reflectance spectra of a transparent, nanostructured sample in comparison with a flat unfoamed PMMA sheet. The overall 
reflection is reduced on the nanostructured sample due to the moth eye effect. (b) Comparison of foamed, white PMMA samples imprinted with mi-
cro- and nanostructures and a flat, featureless surface. The reflection reducing effect of the nanostructure does not noticeably impair the reflectance 
for these highly scattering white samples. All samples were processed at 60°C with a nominal magnet strength of 5 kg. Each reflectance spectrum is 
averaged from three measurements. [Color figure can be viewed at wileyonlinelibrary.com]
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through two opposing magnets, can be easily integrated into 
an autoclave batch process. The micro- and nanostructures 
selected were inspired by biological structures, known from 
lotus leaves and insect compound eyes. Simultaneous foaming 
and structuring were achieved by an incomplete saturation of 
the polymer, whereby scCO2 penetrates the side opposed to 
the mold, equipped with a wire mesh for facilitated diffusion. 
Although we applied the process to polymer sheets with a thick-
ness of 1 mm, we expect that the thickness of the polymer sheets 
can be significantly thinner (a few hundreds of μm) or thicker 
(some mm) depending on the overall lateral size of the sheets 
(or foils) and the strength of the magnets. In any case, the actual 
process parameters like temperature, pressure, and saturation 
time depend on the utilized experimental set-up and the mate-
rial properties of the respective polymer sample.

Thereby, foamed white polymers with imprinted structures in 
the micro- and nanometer range could be produced. A high 
reflectance over the entire visible spectrum was obtained. The 
height profiles of the molded structures were evaluated by AFM. 
The combination of foaming and structuring led to no adverse 
effect compared to exclusively patterned, transparent samples 
without an inner porous layer. The reduced wettability due to 
structuring was evaluated by contact angle measurements. The 
initially hydrophilic PMMA became hydrophobic for both struc-
tures, with static contact angles up to about 130°. The pore size 
and its gradient caused by the one-sided incomplete saturation 
were investigated by SEM.

For higher material efficiency, the method presented could also 
be applied to thinner polymer layers, whereby a shorter exposure 
time must be considered. A step towards self-cleaning could be 
imprinting microstructures superimposed with nanoscale fea-
tures and the utilization of hydrophobic base materials. In ad-
dition, many other structure-based surface functionalizations 
could be of interest. This includes cicada wings covered with na-
noscale pillars similar to moth-eye structures, which were found 
to kill bacteria based on the surface structure [45, 46], providing 
an appealing approach for antibacterial surfaces. Supercritical 
CO2 assisted embossing could be interesting for such surfaces, 
in particular for microbial growth studies, as bothersome sur-
face contamination with solvent residues, release agents or oxi-
dized material is omitted [16].
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