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ABSTRACT: Conversion of light into heat is essential for a broad Aero-rGO Si0,/rGO
range of technologies such as solar thermal heating, catalysis and Light Light
desalination. Three-dimensional (3D) carbon nanomaterial-based i
aerogels have been shown to hold great promise as photothermal
transducer materials. However, until now, their light-to-heat con-
version is limited by near-surface absorption, resulting in a strong heat
localization only at the illuminated surface region, while most of the
aerogel volume remains unused. We present a fabrication concept for
highly porous (>99.9%) photothermal hybrid aeromaterials, which
enable an ultrarapid and volumetric photothermal response with an = Absorbed light
enhancement by a factor of around 2.5 compared to the pristine

variant. The hybrid aeromaterial is based on strongly light-scattering framework structures composed of interconnected
hollow silicon dioxide (SiO,) microtubes, which are functionalized with extremely low amounts (in order of a few g cm ™) of
reduced graphene oxide (rGO) nanosheets, acting as photothermal agents. Tailoring the density of rGO within the framework
structure enables us to control both light scattering and light absorption and thus the volumetric photothermal response. We
further show that by rapid and repeatable gas activation, these transducer materials expand the field of photothermal
applications, like untethered light-powered and light-controlled microfluidic pumps and soft pneumatic actuators.
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INTRODUCTION

The generation of thermal energy from light is an essential
physical process that not only governs all biological processes
but also is of major importance for a broad variety of
technologies, ranging from fundamental environmental appli-
cations like hot water gg}neration,1 desalination," thermal

nanomaterials, such as graphene, carbon nanotubes and
MXenes.'"™"® For example, just recently, a photothermal
efficiency of ~100% could be reached by utilizing Ti;C, based
nanomaterials.'"* Due to their small size (below 100 nm),
photothermal nanomaterials have been employed as therapeu-
tic agents for the localized heat treatment of cancer,” as well as

management of buildings,”” power generation,l solar thermal
heating, " catalysis®™® to medical applications.” For the
conversion of light to heat, the photothermal effect is
exploited, where light is absorbed by photothermal materials,
resulting in a temperature rise. The photothermal eficiency,
i.e., the amount of light converted to thermal energy, strongly
depends on the type of material and its surface properties.
Only light that is not directly reflected can be either converted
into electric energy (photovoltaic effect), into another
wavelength (fluorescence) or into thermal energy. The latter
usually accounts for the largest part.

With respect to that, nanomaterials have been shown to hold
great potential as efficient photothermal agents due to their
large surface-to-volume ratio as well as their extraordinary
electronic structure. Photothermal nanomaterials include
semiconductor nanomaterials, plasmonic metal nanoparticles,
polymer-based nanomaterials as well as carbon and related
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in the sterilization of surfaces to prevent bacterial biofilm
formation.'”

Moreover, three-dimensional (3D) aerogels and foam
structures made of the aforementioned photothermal nano-
materials have recently been shown to hold great potential as
light-to-heat transducer materials. Their extremely low
volumetric density (typically below 20 mg cm™3)'*"
in a volumetric heat capacity similar to that of air, enabling a
rapid and eflicient heating under light illumination. Simulta-

results
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Figure 1. Synthesis and characterization of AG/rGO transducer materials. (a) Schematic of synthesis steps of aeroglass functionlized with
rGO and magnified hollow microtube with rGO flakes distributed on the surface of the microtube. (b) Photograph of functionalized
aeroglass (AG/rGO) samples with different volumetric loadings of rGO (c,d) SEM images of a AG/rGO-94.7 sample, revealing the open
porous structure and the hollow character of microtubes with a homogeneous distribution of rGO flakes. (e) TEM image of a AG/rGO-94.7
sample showing a rGO flake on a SiO, microtube. (f) EDX mapping of AG/rG0-94.7 for silicon, oxygen and carbon, clearly indicating the
existence of a rGO flake on a microtube. (g) Raman spectra for pristine AG, AG/rGO-4.7 and AG/rGO-94.7, as well as for Aero-rGO. The

spectra clearly indicate typical peaks for D, G and 2D band for rGO.

neously, their macroscopic size, their porous structure
(typically >989%) "¢
g™)"" lead to a variety of light—matter interactions, including

and high surface area (up to 75 m’

light scattering, light absorption and reflection. Their potential
as an excellent material platform for light-to-heat conversion

has already been demonstrated in several applications ranging

22445

from photoacoustics,18 water steam generation,u_w’17 hydro-
. 19,20 111
gen catalysis to desalination.

However, while these studies indicate the potential of carbon
and related nanomaterial-based foams as light-to-heat trans-
ducer materials, in all reported cases the light illumination only
results in a strong heat localization at the surface region of the
photothermal active aerogel,lz’m’17 as the light penetration into
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the macroscopic aerogel structure is physically limited.
Especially, the transfer of heat to the surrounding medium,
e.g., gas, which is essential for most applications, is physically
limited by the low density of gases (typically 4 orders of
magnitude below solids), requiring a high surface area for
activation of large gas volumes.

Here we present a concept for the design and development
of nano- and microengineered hybrid aeromaterial transducers
with enhanced volumetric light-to-heat conversion. The
concept is based on an open porous (porosity ~99.9%),
ultralightweight (density ~3 mg cm™), nonabsorbing and light
scattering framework structure composed of silicon dioxide
(SiO,) microtubes, named aeroglass (AG), functionalized with
low volumetric loadings (between 4.7 pug cm™ and 94.7 ug
cm™®) of reduced graphene oxide (rGO), acting as the
photothermal agent. By utilizing the light scattering properties
of the pristine AG, and tailoring the volumetric density of rGO
within the AG, we show that the light penetration depth into
the foams can be increased up to 10 mm, thereby increasing
the photothermally activated gas volume by a factor up to 2.44
compared to a pristine rGO aeromaterial transducer, which,
due to a high open porosity, already has a relatively high light
penetration depth compared to conventional aerogels. We
further demonstrate that these micro- and nanoengineered
transducer materials enable versatile application scenarios for
light-to-heat conversion, including untethered and light-driven
pneumatic actuators for soft robotics, as well as wireless light-
powered and -controlled microfluidic pumps.

RESULTS

Synthesis and Characterization. The synthesis process
of the macroscopic nano- and microengineered transducer
material is schematically shown in Figure la. In short, a
sacrificial network of tetrapodal-shaped ZnO microparticles is
first partially coated with a photothermal nanomaterial by a
simple infiltration process, followed by a wet chemical SiO,
coating step. Etching of ZnO and supercritical drying results in
a freestanding multiscale material system (porosity >99.9%)
composed of interconnected hollow SiO, microtubes deco-
rated with photothermal nanomaterial. More details on the
synthesis can be found in the Materials and Methods section.
We here use reduced graphene oxide (rGO) as a light
absorbing nanomaterial due to the broadband absorption of
UV—vis and near-infrared range (NIR) light.”'>'"*' The
hybrid transducer material is named AG/rGO. However, other
light absorbing nanomaterials such as gold nanoparticles can
be incorporated by the same method as well; see Figure S1. By
adjusting the concentration of the used graphene oxide (GO)
dispersion, the volumetric loading of rGO within the AG can
be precisely adjusted between 0 and 94.7 ug cm™, which is key
to tailoring the volumetric light—matter interaction of the
system. Figure 1b shows a photograph of cylindrical AG/rGO
samples with different volumetric loadings of rGO, as well as
pristine AG and the pristine rGO variant, named Aero-rGO.
The structural features of all aeromaterials compared in this
study are similar, but in contrast to AG and AG/rGO samples,
the hollow microtubes of Aero-rGO are purely composed of
rGO, see Table 1 and Materials and Methods. A detailed
characterization of Aero-rGO can be found in previous
publications.””** While pristine AG shows a white appearance,
a color shift to dark gray with increasing rGO loading in the
AG/rGO hybrid aeromaterial structure is observed. The
optical appearance of the pristine Aero-rGO is significantly

Table 1. Types of Aeromaterials Used in This Study, All
with Similar Open Porous Structure

Abbreviation Material

AG $i0,

AG/tGO-xx  SiO, Aeroglass functionalized with reduced graphene
and oxide, -xx is the volumetric Ioadin% of rGO within
rGO the aeroglass structure in yg cm™

Aero-rGO rGO

Description

Aeroglass, i.e., aeromaterial composed of SiO,

Aeromaterial composed of reduced graphene oxide

darker, as the concentration of rGO is 100 times higher (9465
ug cm™>) than for the AG/rGO with highest loading of rGO
(94.7 ug cm™3). It has to be noted that the properties, e.g.,
light transport, of the aeromaterials strongly differ from those
of conventional aerogels.”>** SEM characterization (Figure 1c,
d) reveals the open porous network structure as well as the
hollow character of the SiO, microtubes and clearly shows the
homogeneous distribution of rGO flakes on the surface of the
microtubes. A more detailed SEM characterization, including
Aero-rGO, is shown in Figure S2. Individual microtubes have a
mean length of ~25 ym and a diameter of ~1—3 um. The wall
thickness of the hollow microtubes was determined by TEM
with an average wall thickness of ~17 nm (for more details, see
Supplementary Note 1). Figure le shows a SiO, microtube
arm decorated with an rGO flake. EDX mapping confirms the
existence of rGO flakes incorporated into the SiO, layer
(Figure 1f). The as-synthesized SiO, is amorphous, as
determined by TEM investigations (see Figure S3). This
agrees with the Raman measurements shown in Figure 1g,
which were conducted for the pristine AG, pristine Aero-rGO
and for the highest (AG/rG0-94.7) and lowest (AG/rGO-4.7)
degrees of rGO functionalization. Typical Raman peaks for
rGO are observed in both the AG/rGO hybrid material
systems as well as the pristine Aero-rGO. The positions of D
band (1339 cm™) and G band (1597 cm™") are in accordance
with the literature, as well as the less pronounced 2D
peak.”>**™*® The Raman spectrum of the pristine AG shows
distinct peaks at 490, 800 and 975 cm™ which are typical for
amorphous SiO, structures.””’

Optimizing Volumetric Light Absorption. The as-
described multiscale nature of the hybrid aeromaterials used
here enables a variety of light—matter interactions, as shown in
Figure 2a,b. Illuminating aeromaterial structures of pristine AG
(density ~3 mg cm™) with a focused light beam results in
strong isotropic light scattering in all room directions, similar
to what has been previously reported for framework structures
based on hexagonal boron nitride.”* The AG acts as a
volumetric light diffuser. In contrast to that, aeromaterials
composed of rGO with a density of 11 mg cm™ absorb all light
when illuminated with a focused light beam due to their
broadband absorption properties (Figure 2b). While these
demonstrate the two extreme cases, either complete light
scattering in the case of pristine AG or complete light
absorption in the case of pristine Aero-rGO, tailoring the
volumetric density of rGO inside of the AG framework
structure enables us to adjust the volumetric light—matter
interactions of the AG/rGO hybrid aeromaterials in a
controlled manner. Figure 2c¢ shows the light transmission
through cylindrically shaped (d = 12 mm) AG/rGO hybrid
aeromaterials with varying degrees of volumetric rGO density
(0, 4.7 and 94.7 ug cm™>) as well as Aero-rGO as a function of
sample height (2—10 mm). In the case of pristine Aero-rGO,
even at a sample height of 2 mm no light is transmitted
through the aeromaterial structure. AG/rGO-94.7 transmits a

https://doi.org/10.1021/acsnano.3c05329
ACS Nano 2023, 17, 22444—-22455


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05329/suppl_file/nn3c05329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05329/suppl_file/nn3c05329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05329/suppl_file/nn3c05329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05329/suppl_file/nn3c05329_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c05329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

[ - 0 pug cm™rGO
B 47 ugcm?rGO
L B 94.7 ug cm™>rGO
-l Aero-rGO
||
st
6k
4r n n
2F [ |
u |
ol | . T o | [ | |
0 2 10

4 6 8
Sample height [mm]

350 F - Zaren
B Frontside *
@ Backside V"\ 8 mm 10 mm m
300 | Y Aero-rGO u 09)
) [ & .
& 250 Q,\
'6' e 65°C 58°C
§ 200 |
© | T
© 150 F o
£ N
(9
QL 100 ® N4 53°C 47°C 37°C
[ J
50 |- ®
.‘. * Yy
g < 20
0 10 20 30 40 50 60 70 80 90 9465 Q@ o
e Volumetric loading rGO [ugecm?®] ¥ g — 52°C 33°C 31°C 28°C
1.25 0 ug cm? rGO 175 u
—— 4.7 ug cm3rGO 5) AG/rG0O-94.7 Light IR Camera
———9.47 ug cm3rGO o 150 |
—1.00 | 47.3 ug cm® rGO ) = ;
3 ——94.7 ug cm®rGO S 125 s
©, © Omm 10 mm |
© :
§ 0.75 @ 100} . -
8 % 75 [ AGIGO-4.7
=050 bt
2 () [ ]
° [ |
< 2 T perorGO =
0.25 é ero-r - =
3 25}
000 L L 1 il il 0 1 1 il 1
400 500 600 700 800 900 4 8 10

Wavelength [nm]

6
Sample height [mm]

Figure 2. Light induced heating of AG/rGO. (a,b) Photograph of pristine AG and pristine Aero-rGO illuminated with a green laser pointer.
(c) Light transmission of pristine AG, Aero-rGO and AG/rGO with high (94.7 pg cm™) and low (4.7 pg cm™) volumetric rGO loading
measured for different sample heights. (d) Maximum temperature of AG/rGO samples with different volumetric loadings of rGO and a
height of 10 mm, illuminated for 1 s with an irradiance of 1.67 W cm™? extracted from IR images of frontside (illumination side) and
backside. (e) UV—vis absorbance for different volumetric loadings of rGO within AG/rGO hybrid aeromaterial. (f) IR images of sample
backside of AG/rGO with different volumetric rGO loadings and Aero-rGO samples with increasing sample heights, showing the
temperature profile after illuminating the samples for 1 s with an irradiance of 1.67 W cm™ Scale bar is 6 mm. (g) Maximum backside
temperature for different sample heights. The schematic illustrates the measurement setup.

small amount of light for sample dimension of 2 mm and 4 mm
(3.5% and 1.8%), whereas the highest transmitted light
intensity is detected for pristine AG with 2 mm height
(17%). However, also AG/rGO-4.7 shows high light trans-
mission for 2 mm (15.7%) which strongly decreases with
increasing sample thickness. Even for 10 mm sample thickness,
a small amount of transmitted light is still detected (2.4%),
meaning that some light can transmit through the structure

22447

without being absorbed by rGO. The results indicate that the
volumetric density of rGO within the hybrid aeromaterial
strongly influences the light penetration depth into the
structure, and by this, the size of the light—matter interaction
volume. This can also be visualized by thermography, as light
interacting with the rGO inside the AG/rGO hybrid
aeromaterial results in heat generation by means of the
photothermal effect. Figure 2d displays the maximum front-
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and backside temperature extracted from infrared (IR) images
for different AG/rGO hybrid aeromaterials (cylindrical
geometry, h = 10 mm and d = 12 mm) taken from the
frontside (side that is illuminated with light) and backside (see
Figure S4 for IR images). All aeromaterials were illuminated
with a broadband light source (details in Materials and
Methods) for only 1 s with an irradiance of 1.67 W cm™, in
order to reduce the effect of heat conduction and
accumulation. The short illumination time also demonstrates
the rapid photothermal heating effect. Due to the negligible
absorption properties of pristine AG, see UV—vis spectroscopy
results in Figure 2e, no increase in temperature in the entire
volume of the AG can be detected under illumination. In
contrast to that, the pristine Aero-rGO heats up only at the
illuminated front side, meaning that all light is directly
absorbed in the surface region of the aeromaterial structure,
confirming the light transmission measurements shown in
Figure 2c. As can be seen in Figure 2d, the maximum frontside
temperature increases with increasing volumetric rGO loading
in the AG/rGO hybrid aeromaterials. UV—vis measurements
confirm that the higher the volumetric rGO density, the higher
the absorption over the whole wavelength spectrum (see
Figure 2e, more details in SI Note 2), resulting in a higher
frontside temperature as detected by thermography. In
contrast, the backside temperature, as a measure for light
penetration depth, reaches a maximum value of 66 °C for AG/
rGO-47.3. For higher concentrations of rGO (94.7 ug cm™)
the backside temperature decreases to 5SS °C, whereas for
pristine Aero-rGO no significant increase in temperature at the
backside of the sample can be observed. This is highlighted as
well in IR images (see Figure 2f) of the sample backside of
AG/rGO-4.7, -94.7 and Aero-rGO with varying sample height
(4—10 mm). The maximum temperature is extracted and is
displayed in Figure 2g. For the hybrid aeromaterial transducers
(AG/rG0O-94.7 and -4.7) a heating effect in the entire volume
can be detected, while for Aero-rGO the volumetric heating
effect is already drastically reduced for 4 mm sample thickness.
However, for AG/rGO-4.7 the volumetric heating effect is less
pronounced, as the low rGO loading results in less absorption.

These results clearly demonstrate that an optimized
volumetric rGO density in combination with a light-scattering
material system can adjust the interaction volume of light
within the AG/rGO hybrid aeromaterials, enabling a strong
enhancement in volumetric light-to-heat conversion. The
proposed concept of volumetric light-to-heat conversion is
shown schematically in Figure 3, demonstrating the light—
matter interaction for three different cases, namely pristine AG,
Aero-rGO and AG/rGO with optimized volumetric loading of
rGO. Light impinging on pristine AG is scattered multiple
times within the structure, before leaving it again with only a
negligible amount of light being absorbed, resulting in an
isotropic light distribution, as shown in Figure 2a. The reason
for multiple scattering events taking place can be found in the
hierarchical microstructure, creating an optical disorder system
with many Rayleigh scattering centers, as explained in more
detail in Supporting Note 3. Thus, pristine AG is acting solely
as a passive light diffuser and no light is converted into heat. In
contrast, Aero-rGO (Figure 3b) absorbs all impinging light
directly at the illumination side, resulting in strong localized
heating of the microtubular structure. In contrast, AG/rGO
with an optimized volumetric loading of rGO (Figure 3c)
enables a combination of light scattering properties with the
photothermal effect of the rGO flakes. Due to the

a Pristine AG

Surface response

AG/rGO

4 Photothermally
heated rGO flake

Volume response

Figure 3. Schematic concept of proposed light—matter interaction
in aeromaterials. Light scattering, associated light penetration, and
light absorption resulting in diffferent photothermally active
volumes for (a) pristine AG, (b) pristine Aero-rGO and (c) AG/
rGO.

homogeneous distribution of rGO flakes in the AG framework
structure, only a small amount of light is directly absorbed at
the illumination side and most of the impinging light can
penetrate deep into the structure by multiple scattering events
before eventually impinging on a rGO flake, where light is
absorbed and converted into heat by the photothermal effect.
However, for too low volumetric loadings of rGO (e.g., 4.7 ug
cm™?) a noticeable amount of light can escape the aeromaterial
structure without interacting with the photothermal nanoma-
terial. Therefore, an optimized volumetric density of rGO
inside the AG is necessary to balance between light scattering,
transmission, and absorbance.

Activation of Gas Volume. The enhanced volumetric
light absorption in combination with the extremely low
volumetric heat capacity (~2.5 k] m™ K™') (Calculation
details in SI Note 4) and high gravimetric surface area
(~74.153 m* g”') (Calculation details in SI Note 5) of the
here developed nano- and microengineered transducer material
enables a rapid and repeatable activation (heating) of
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Figure 4. Characterization of volumetric gas activation. (a) Schematic of gas activation in AG/rGO hybrid aeromaterial. (b) Mean activated
gas volume for 1 pulse (1 s) for pristine AG, AG/rGO with different volumetric loadings of rGO and pristine Aero-rGO. The inset shows a
schematic of the measurement setup. (c) Mean activated volume normalized to sample volume measured for different sample heights of AG/
rGO with low and high loadings of rGO as well as for Aero-rGO. (d) Gas flow induced by gas activation versus time for different pulse
lengths with calculated activated gas volume on the second axis for a AG/rGO-47.3 sample. (e) Maximum detected gas flow versus irradiance

for AG/rGO-47.3 and Aero-rGO.

macroscopic gas volumes, as schematically shown in Figure 4a.
Based on the low volumetric heat capacity, the temperature of
the AG/rGO hybrid aeromaterial rapidly increases when
illuminated with light; ie, in only 1 s, the temperature
increases to around 300 °C (for AG/rG0-94.7). The heat
generated by the photothermal effect within the aeromaterial
structure is transferred to the gas phase within milliseconds by
utilizing its high surface area. Under isobaric conditions, this
causes a rapid volume expansion of the gas within the
aeromaterial, according to the ideal gas law. Simultaneously,
the open porous framework structure (porosity >99.9%) with
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micrometer-sized voids, allows rapid gas exchange out of and
into the aeromaterial structure. Without illumination, the
structure cools down immediately, and the process can be
repeated. A similar effect has been reported before, based on
the Joule-heating of framework structures of graphene;™
however, electrical contacts are required, whereas here, we
present wireless activation of macroscopic gas volumes using
light.

In order to further quantify the volumetric light-to-heat
conversion and related rapid gas activation of our hybrid
aeromaterial transducer as a function of volumetric rGO
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loading, illumination time, and irradiance, AG/rGO hybrid
aeromaterials were placed in an airtight chamber equipped
with two check valves, as shown in the inset of Figure 4b, and
in Figure S5 and Figure S6. In this configuration, the
illumination of an AG/rGO hybrid aeromaterial through a
poly(methyl methacrylate) window results in a rapid temper-
ature increase of the gas within the sample volume, causing a
volume expansion. The extent of the volume expansion,
according to the ideal gas law, thereby depends on the
temperature and the amount of activated gas and thus on the
properties of the transducer material. The check valves allow
directional gas flow through a connected glass tube containing
1 mL of dyed water. By applying a light pulse, the water
droplet is pushed through the glass tube (see Supplementary
Video 1), with the distance being a direct measure of the
activated gas volume.

The mean activated gas volume for one light pulse of 1 s for
different volumetric rGO loadings is displayed in Figure 4b
(irradiance of 1.24 W cm™, f = 0.5 Hz, more details see
Materials and Methods). In accordance with the results
presented in Figure 2, there is no gas activated in the case of
pristine AG, as only negligible light absorption occurs. With an
increasing volumetric loading of rGO, the activated gas volume
increases to a maximum value of 0.11 cm?® for AG/rGO-47.3,
which is around 9.7% of the total volume of the aeromaterial
structure. Compared to pristine Aero-rGO, this means an
improvement by a factor of 2.44 in terms of volumetric gas
activation, as for Aero-rGO, a gas volume of only around 0.045
cm?® is activated.

Figure 4c shows the mean volume of activated gas
normalized to the total volume of the hybrid aeromaterial for
cylindrical sample geometries with varying height (2—10 mm)
for the highest (AG/rGO-94.7) and lowest rGO loading (AG/
rGO-4.7) (see Figure S7), as well as for pristine Aero-rGO.
The highest gas activation for 1 s illumination time is reached
by AG/rGO-94.7 with a height of 4 mm. Around ~20% of the
total aeromaterial volume is activated, which is by a factor of
66 higher compared to pristine Aero-rGO. The normalized
activated gas volume decreases with further increasing height
for both AG/rGO-94.7 and AG/rGO-4.7. In contrast, pristine
Aero-rGO shows an almost constant value of ~0.3% of
volumetric gas activation irrespective of height. This
significantly indicates that the amount of activated gas for
pristine Aero-rGO is solely attributed to the mentioned surface
effect (see also Figure S8). As an approximation, an ideal flat
2D surface with a radius of 6 mm provides a surface area of
1.13 cm® that can be used for gas activation by the
photothermal effect, whereas a cylindrical hybrid aeromaterial,
e.g., AG/rG0O-94.7, with a radius of 6 mm and height of 4 mm,
provides a total surface area of ~500 cm’ (details on the
calculation can be found in SI Note 6). Assuming that the
entire volume of the aeromaterial transducer is used for gas
activation, the available surface area is by a factor of ~445
larger, enabling the rapid activation of larger gas volumes. Note
that due to the low density of gases, only the gas volume which
is in close proximity to a heated surface can be rapidly
activated.

Figure 4d displays the gas flow generated by an AG/rGO-
47.3 hybrid aeromaterial (d = 12 mm and h = 10 mm), which
was illuminated with single light pulses as a function of pulse
widths (0.01 to 3 s) at a constant irradiance of 1.24 W cm™
(Figure S9 for AG/rGO-94.7) The gas flow directly peaks
after only 22 ms of illumination with a maximum flow of ~36

mL min~!, before decreasing exponentially. The maximum
detected gas flow for all pulse lengths was 36 mL min~' and
the shape of the curve is the same for all applied pulse widths,
while the gas flow drops to zero immediately after illumination
is turned off. As shown in Figure 4d, the activated gas volume
increases with increasing pulse width. However, a maximum
value for long pulse lengths (1—3 s) of roughly 0.15 cm?® is
approached, as a mean temperature is reached and hence no
further gas activation occurs.

Figure 4e shows the influence of the light intensity on the
maximum gas flow for Aero-rGO and AG/rGO-47.3 for a
pulse length of 1 s. The maximum gas flow, as indirect measure
for the activated gas volume, increases linearly with light
intensity for both systems, as a higher light intensity results in
higher temperatures generated by the photothermal effect and
hence, more gas is activated. However, the slope for AG/rGO-
47.3 (26.97 mL cm® min~' W) is more than twice as steep as
for Aero-rGO (11.8 mL cm? min™" W™'). While for Aero-rGO
all light is absorbed close to the illumination side, an increase
in light intensity only increases the surface temperature, which
in return does only lead to a marginal change in activated gas
volume. However, for the AG/rGO hybrid aeromaterial, higher
light intensities also result in deeper light penetration, thereby
resulting in a stronger increase of activated gas with increasing
light intensity compared with pristine Aero-rGO.

Optimizing the volumetric light-to-heat conversion in AG/
rGO hybrid aeromaterials requires the balance between light
scattering, transmission, and absorbance of light by photo-
thermal material. The results indicate the importance to create
a homogeneous heating effect in the entire volume rather than
heating only parts of the structure to high temperatures in
order to achieve the highest values for gas activation within the
structure. For the here shown volumetric loadings of rGO,
AG/rGO-47.3 showed the best performance in terms of a
volumetric heating effect and gas activation, as the highest
values for flow rate (36 mL min™") and activated gas volume
(~0.15 cm®) were measured, matching the results of the
temperature measurement, where the highest backside temper-
ature was measured for AG/rGO-47.3, and hence, indicating
that light can interact with photothermal agents in a large part
of the structure.

Applications. The observed enhancement in volumetric
light—matter interaction provided by our optimized photo-
thermal aeromaterial transducer enables manifold wireless
applications that make use of the rapidly activated gas volumes
at high repetition rates. We here present proof-of-concept
demonstrators for untethered, light-driven, and light-controlled
pneumatic soft actuators and wireless light-powered micro-
fluidic pumps. Conventional soft actuators for soft robotic
applications are based on pneumatic actuation systems that
require pressurized air to create movements, which is usually
delivered via air hoses.”"*” This tethered connection strongly
limits the autonomy, range of movement and the operational
flexibility of soft robots.>"** While approaches to enable
autonomous soft robotic system often rely on bulky carry-on
systems,”>* e.g, gas storage tanks,”*’ battery packs® or
chemical reaction chambers,*” that increase weight and thus
limit the operational time,”>~>° we here demonstrate an
autonomous untethered soft and lightweight pneumatic
actuator that is purely powered and controlled by light. The
proof-of-concept demonstrators presented here are operated
using the best performing sample type AG/rGO-47.3.
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Figure 5. Application scenarios for micro- and nanoengineered AG/rGO hybrid aeromaterials. (a) Pressure rise generated by an AG/rGO-
47.3 sample in an external pressure chamber versus number of applied light pulses for different illumination frequencies. (b) Merged
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The concept is based on the encapsulation of the
photothermal aeromaterial transducer in a closed chamber
that is directly connected to a conventional soft pneumatic
actuator by using a check valve (see Figure S10). Illuminating
the transducer material with light results in an increase in
pressure in a closed system. Figure Sa shows the pressure rise
measured for AG/rGO-47.3 as a function of light pulses for
three different illumination frequencies and pulse-widths. As
can be seen in Figure Sa, the pressure can be adjusted by the
number of light pulses. A maximum increase in pressure of
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~87 mbar is reached in ~40s, corresponding to 10 light pulses
(illumination time of 1 s with a recovery time of 3 s). Thereby,
a pneumatic soft actuator can be deformed and controlled by
light, as shown in Figure Sb. Each light pulse creates an
increase in pressure, bending the soft robotic arm in a steplike
motion until saturation pressure is reached. Mounting the
pneumatic soft actuator directly to the chamber without any
check valves even allows the soft pneumatic actuator to bend
and relax with only one single light pulse in a reversible
manner (see Supplementary Video 2).
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Next to applications in soft robotics, the aeromaterial
transducer can be utilized for wireless, light-powered, and light-
controlled fluidic (gas and liquid) micropumps. Figure Sc
shows the maximum gas flow over 77 light pulses (pulse width
of 1 s at a frequency of 0.5 Hz and an irradiance of 1.24 W
cm™?) for AG/rGO aeromaterial transducers with different
volumetric rGO loadings as well as for pristine Aero-rGO. AG/
rGO-47.3 shows the highest measured gas flow rate of ~36 mL
min~’, which is by more than 33% higher compared to the
pristine Aero-rGO. Furthermore, while all AG/rGO hybrid
aeromaterials show an almost constant gas flow over the entire
cycle range, the gas flow for Aero-rGO decreases slowly from
~14 mL min~" until a constant value of ~10.8 mL min™" is
reached after roughly 45 cycles. We suspect that the decrease is
associated with a heat accumulation at the illuminated surface.
Thereby the difference in temperature (Thghtion vs Thghu,ff)
decreases over time, resulting a lower volume expansion until
an equilibrium state is reached.

The pumped fluidic volume can be easily controlled by
varying pulse lengths and applied light frequencies, as
demonstrated in Figure 5d, e, showing a light driven
micropump with a pump rate of ~3.51 mL min~" pushing a
droplet of dyed water through a glass tube (see Supplementary
Video 1). Furthermore, a wireless light-powered and light-
controlled membrane pump could be realized (see Figure Sf—h
and Supplementary Video 3), utilizing the rapid switching in
pressure to repeatable strain a flexible membrane in order to
pump a liquid (details on the setup can be found in Figure
S11), achieving a pump rate of ~0.44 mL min~' without
optimization.

It should be noted that for all the application scenarios
suggested here, the lightweight nature of the hybrid
aeromaterials makes them extremely resistant to vibrations
and forces, e.g,, caused by high accelerations, ensuring that no
structural damage occurs over time, especially when encapsu-
lated.

CONCLUSION

In conclusion, we here show an advanced fabrication concept
for the controlled combination of different nanomaterials and
their functionalities in a hybrid 3D assembly, thereby
overcoming the limitations of their pristine variants. We
demonstrate a hybrid SiO,/rGO photothermal aeromaterial
transducer that enables an ultrarapid and enhanced volumetric
photothermal response by a factor of 2.44 compared to the
pristine carbon nanomaterial-based variant. By combining the
light scattering properties of a highly porous SiO, framework
structure with the photothermal properties of rGO, we are able
to tailor the light—matter interaction volume in a controlled
manner by adjusting the volumetric density of rGO nanoflakes
within the hybrid aeromaterial. Utilizing the enhanced
photothermal interaction volume in combination with the
high surface area and low volumetric heat capacity of the
porous transducer material allows for ultrarapid activation of
macroscopic gas volumes, enabling multiple functionalities and
application scenarios based on the conversion of light into
heat. While we here demonstrate proof-of-concept demon-
strators for untethered, light-driven, and light-controlled
pneumatic soft actuators and wireless light-powered micro-
fluidic pumps, the hybrid aeromaterials could be used to
generate a directional pressure wave, e.g., for light-controlled,
directional motion. In perspective, a directional and also
dynamic illumination of different sections of an extended

hybrid aeromaterial could generate several pressure waves
emanating from parts of the material, which result in a certain
direction of propagation through destructive and constructive
interference. By controlling the frequency and changing the
order of illumination, the resulting pressure wave could be
shaped in relatively arbitrarily manner. Next to that, the
concept could be used for advances in the fields of
environmental remediation, such as the synthesis of solar
fuels by gas phase (photo)catalysis, solar thermal heating and
desalination, as well as photoacoustics. For example, it is
conceivable to use the photothermal transducer material for
photocatalysis applications to simultaneously pump gas and
trigger a chemical reaction by temperature activation.
Expanding the concept to fabricate lightweight hybrid
aeromaterial transducers by utilizing the extraordinary proper-
ties of other 1D and 2D nanomaterials, including quantum
dots, MXenes and catalysts, allows functionalities well-beyond
that of photothermal conversion.

MATERIALS AND METHODS

Materials. Polyvinyl butyral, zinc (grain size 1—S um), ethanol,
TEOS, ammonia hydroxide solution, graphene oxide dispersion, and
L-ascorbic acid.

Graphene oxide (GO) was obtained by procedures reported
elsewhere.***” Dispersion were prepared by tip sonication in water.

Aeroglass (AG) structures were fabricated using tetrapodal ZnO
(t-ZnO) as sacrificial template for a wet chemical coating process with
SiO, based on the Stoeber synthesis.**” The fabrication of sacrificial
templates is described elsewhere.””***' Briefly, t-ZnO was produced
via a flame transport synthesis,*"** pressed into desired shape using a
metal mold, and subsequently sintered in an oven (1150 °C for S h)
to create an interconnected network of ZnO tetrapods. The wet
chemical approach for coating the ZnO network with a thin layer of
SiO, is based on the Stoeber process. In detail, two solutions with
different ratios of ethanol, tetraethylorthosilicate (TEOS) and
ammonia hydroxide solution (25%), namely, V1 (ratio 10:0.1:3)
and V2 (ratio 10:0.05:3) were used in this work. The silica solution
was prepared by mixing ethanol and TEOS, followed by the addition
of an ammonia hydroxide solution. The sacrificial ZnO templates
were immersed in the silica solution for 45 min during which the
solution turned turbid and the entire ZnO template was coated with a
thin layer of amorphous SiO,. The coating was performed in a two-
step process: first a coating with ratio V1 was applied, followed by
rinsing in ethanol and drying on a Teflon plate, before the second
coating was applied using ratio V2. Samples were stored in distilled
water for 24 h, followed by wet chemical removal of the sacrificial
ZnO template with 1 M hydrochloric acid. To remove residuals, the
samples were washed thoroughly with water before being transferred
into pristine ethanol for critical point drying (Leica EM CPD300).

Functionalization of Aeroglass. Prior to the two-step silica
coating step, the ZnO templates were infiltrated with a water-based
dispersion of nanomaterial, as described elsewhere.”>** This led to
partial coating of the nanomaterial on the ZnO tetrapod arms. To
control the amount of nanomaterial within the aeroglass structure, the
concentration of the nanomaterial dispersion was adjusted. For
functionalization with reduced graphene oxide, the ZnO templates
were coated with graphene oxide flakes which were reduced in an
additional step after the wet chemical removal of ZnO using diluted -
ascorbic acid (24 h, 50 °C). The rGO functionalized aeroglass is
named AG/rGO.

Aero-rGO samples were fabricated by drop infiltrating sacrificial t-
ZnO templates with graphene oxide dispersion and subsequent
drying, resulting in a homogeneous coating of the tetrapod arms with
graphene oxide flakes, as described elsewhere in more detail”> The
infiltration step was repeated six times. Diluted L-ascorbic acid (24 h,
50 °C) was used to reduce graphene oxide, followed by wet chemical
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removal of ZnO, washing, and drying, as described for the fabrication
of aeroglass.

SEM measurements were performed using a Zeiss Supra SSVP.

TEM was carried out using an FEI Tecnai F-30 G2 Stwin operated
at 300 kV. The microscope is equipped with an EDAX Si/Li detector
for elemental analysis and a Gatan Tridiem 863P post column image
filter (GIF) allowing for electron energy loss spectroscopy (EELS)
measurements. AG and AG/rGO specimens were prepared for TEM
investigation by grinding a small amount of material in butanol
followed by drop coating onto lacey carbon coated Cu TEM grids.

UV—vis spectroscopy was carried out in water to avoid measure-
ment artifacts due to light scattering of the samples. A sample
thickness of 2 mm was chosen to ensure a transmitting beam through
the sample. A customized photometer (light source HL-2000-FHSA-
LL by Ocean Insight, Ostfildern, Germany and spectrometer Flame-S-
VIS-NIR_ES by Ocean Insight, Ostfildern, Germany), controlled by a
customized LabVIEW program (National Instruments, Austin, TX,
USA, version 2012) was used for the measurement and the data was
evaluated using Matlab (The MathWorks Inc,, Natick, MA, USA,
version R2021a).

Raman measurements were conducted by using an alpha300 RA
(WITec) microscope with a triple grating spectrometer (600 g mm™")
and a charge-coupled device detector. The excitation wavelength of
the laser was 532.2 nm with a laser spot size on the sample of ~1.41
pum and a maximum power of 52 mW.

Light source for illuminating the samples with white light was a
beamer (Acer, DLP Projector, DNX0906) in combination with an
overhead projector lens to focus the beamer light to a spot size of 12
mm. A spectrum was recorded with an Ocean Optics spectrometer
FLAME-S-XR1-ES (200—1025 nm), see Figure S12. For controlling
the illumination time, as well as the light power, a power point
presentation with preset display times and varying grayscale of
displayed images was used.

Thermography was performed placing the samples directly in the
focus point of the light source, and temperature was recorded with an
IR camera (InfraTec, PIR uc 180) from three different directions. In
more detail, the temperature of the sample frontside (illumination
side) and the sample backside were recorded as well as the side view
to gain information about the temperature gradient within the sample.
The samples were cylindrical shaped with a diameter of 12 mm,
height of 4 mm to 10 mm and a conical shaped taphole on the
illumination side of the sample (only for comparison of different
graphene loadings). The samples were illuminated for 1 s with an
irradiance of 1.67 W cm™2, and the image with the maximum
temperature was selected. The irradiance was measured with a power
meter (Thorlabs Photometer, S425C-L with Interface PM100USB
and Thorlabs Opitcal Power Monitor).

Measurements on volumetric gas activation were conducted using
the same setup as for thermography, but placing the samples in an
enclosed chamber with a poly(methyl methacrylate) window on the
illumination side and two check valves (see Figure SS and Figure S6),
from which one was connected to a glass tube which contained 1 mL
of dyed water. The samples were illuminated with a frequency of 0.5
Hz and an irradiance of 1.24 W em™ In total, 10 light pulses were
performed for each sample. The activated gas volume was calculated
from the distance the water droplet was pushed through the glass tube
and the diameter of the tube and averaged over 10 light pulses. The
activated gas volume for varying sample heights was measured with
spacers to ensure an equal distance to the light source as well as no
free volume above the illumination side.

Flow measurements were conducted using an enclosed chamber
equipped with two check valves and a flow sensor (Honeywell
AWM3100 V). Samples have been illuminated with an irradiance of
1.24 W cm™ and pulse widths ranging from 0.01 up to 3 s. The
activated gas volume was calculated by integration of the measure-
ment data.

Light transmission was measured with a power meter (Thorlabs
Photometer, S425C-L with Interface PM100USB and Thorlabs
Opitcal Power Monitor) placed directly behind the sample which
was illuminated with an irradiance of 1.24 W cm™ for 3 s.

Pressure measurements were conducted using a pressure sensor
(Kistler, 4260A) mounted on an empty chamber, which was
connected via a check valve to the enclosed chamber containing the
sample as described before.
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