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ABSTRACT: Efficient mass transfer and light utilization are essential for high
photocatalytic production rates. Here, we present a hierarchical three-dimensional (3D)-
printed aerogel photocatalyst that unites both aspects by taking inspiration from the light
scattering in clouds during photochemical processes and from mass transfer in plants
during photosynthesis. We combine the geometric freedom of additive manufacturing with
computational fluid dynamics and Monte Carlo simulations to guide the implementation
of a self-supported aerogel in a continuous gas flow reactor. Here, 3D microstructuring
reduced the pressure drop of a monolithic aerogel by 5 orders of magnitude without
compromising the gas permeation and the light-harvesting efficiency of the intrinsic
nanoporous material. We match the macroscopic thickness with the ultraviolet (UV) light
penetration depth and show that the 3D aerogel of 1.1 mm thickness improves
photocatalytic hydrogen production rates relative to the nanoparticle powder by a factor of five from 1.3 to 6.6 μmol g−1 h−1 for
TiO2 and from 30.0 to 141.8 μmol g−1 h−1 for Au/TiO2, respectively. Ultimately, our approach can be applied for other
nanomaterials to boost the overall performance of a variety of photochemical processes and reactor designs.

■ INTRODUCTION
Catalytic nanomaterials�especially for the photocatalytic
conversion of solar energy into chemical fuels via CO2 reduction
or H2 evolution�are considered as essential building blocks in
the creation of a sustainable energy system.1−3 While big
progress on the material side was achieved by doping,4,5

exposing reactive crystal facets,6,7 loading cocatalysts,4,6,8 or
tuning selectivity in organic−inorganic hybrids,9 technological
implementation of photocatalytic nanomaterials is still pend-
ing.10 One reason is that for an efficient photocatalyst, the
nanoscopic material properties not only need to be optimized
but also be well integrated into a macroscopic photoreactor
where chemical and geometrical control at multiple length scales
is of great importance.11−13 In this regard, nature provides a
blueprint for the synergy of elaborated structures and functional
components to accelerate the solar energy conversion during
photochemical processes.14 Particularly, light harvesting via
multiple scattering and efficient mass transfer in hierarchical
structures are two main characteristics commonly found in
nature.15−19 Although catalyst designs advanced by replicating
natural photocatalysts,14,20−22 most efforts only focused on the
functional imitation of a single characteristic by tuning
geometrical aspects of the photoactive material either at the
nano- and microscopic length scale in controlled aggre-
gates23−26 and biotemplated films14 or at the macroscale by
processing nanomaterials into monolithic aerogels.27 Especially
nanoparticle-based aerogels have huge potential as photo-

catalysts in the gas phase because they fully maintain the
photocatalytic properties of the nanoscale building blocks in a
macroscopic body composed of an interconnected nanoporous
network and a translucent, light harvesting characteristic.27,28

Even though aerogels provide a high number of catalytic
active sites based on their large specific surface area, bulk
nanoporous materials generally suffer from poor gas perme-
ability.29−32 Thus, to unlock the full potential of an aerogel
photocatalyst, the integration in a light and mass transport-
optimized three-dimensional (3D) geometry with deterministic
control of the nano-, micro-, and macroscopic length scales is
essential.12 A promising approach is the use of 3D printing,
which successfully boosted mass transfer rates in heterogeneous
catalysis and energy storage but so far has limited application for
the production of solar fuels due to the opaque appearance of
most photoactive inks which prevents a simultaneous
interaction of light, reactant, and catalyst on the macroscopic
scale of a 3D-printed object.11,33−35,34,35
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We overcome this limitation by 3D printing translucent TiO2
nanoparticle-based aerogels, which combine a nature-inspired
hierarchical mass transport and light trapping characteristic in a
single photocatalyst. We utilize 3D printing, computational fluid
dynamics, and Monte Carlo light transport simulations to
systematically fabricate a photocatalyst geometry that optimally
adapts the design of our continuous gas flow reactor. To this
end, we evaluate the ultraviolet (UV) light utilization efficiency
of various aerogel geometries, investigate the light penetration
depth to eliminate poorly illuminated sections of the photo-
catalyst, and study the mass transfer characteristics to ensure an
effortless infiltration with the gaseous reactants. We validate our
approach by measuring the photocatalytic hydrogen evolution
from a water/methanol-enriched gas stream and benchmark
TiO2 and Au/TiO2 3D aerogels against the nanoparticle powder
counterparts.

■ RESULTS AND DISCUSSION
We create nature-inspired photocatalyst geometries by 3D
printing TiO2 and Au/TiO2 nanoparticle-based aerogels. Here,
the 3D printing process replicates the microscopic mass transfer
highways in hierarchically architectured leaves during photo-
synthesis,19 whereas the gelled nanoparticles act as scattering
centers and trap UV light similar to water droplets in clouds

during atmospherical photochemical processes to enhance the
absorption efficiency,17 as illustrated in Figure 1a,b. Figure 1c−e
shows an optical photograph and scanning electron microscopy
images of a well-defined, 3D-printed TiO2 aerogel that spans
seven orders of magnitude, from the nanometer to centimeter
length scale. The 3D-printed aerogel appears cloudy but
translucent and features lateral dimensions of 1.5 cm and a
thickness of 2 mm. The filaments have a diameter of about 200
μm and consist of a nanoporous, finely branched network of
nanoparticles that formed during the ink gelation process.
Although a cloudy appearance and a hierarchical architecture
can readily be imitated with our 3D printing process, we need to
go one step further and engineer the macro- and microscopic
geometry toward the highest photocatalytic efficiency. To this
end, we utilize different 3D microstructures and benchmark
their mass and light transport characteristics against an
unstructured aerogel.

Figure 2a,b shows 3D renderings of a simple cubic (sc)-
structured and face center cubic (fcc)-structured aerogel,
respectively. For both geometries, each layer consists of an
array of parallel filaments where the center-to-center spacing is
twice the filament diameter, and alternating layers are orientated
90° to each other. Depending on the type of structuring,
consecutive layers of the same orientation are either aligned to

Figure 1. Photocatalyst with efficient light andmass transport. (a) Schematic illustration of two natural photochemical design principles: light trapping
via scattering at water droplets in clouds and enhanced mass transport via diffusion in the hierarchical architecture of leaves. (b) Schematic showing
that both design principles might be recreated in an artificial photocatalyst via 3D printing of gelled TiO2 nanoinks. (c) Optical micrograph of the
translucent, cloudy 3D-printed TiO2 aerogel with lateral dimensions of 1.5 cm. (d, e) Scanning electronmicroscopy images reveal that themacroscopic
aerogel consists of an array of nanoporous filaments with diameters of about 200 μm.
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yield an sc-geometry or shifted by one filament diameter for an
fcc-geometry. Generally, 3D structuring creates aerogel/air
interfaces that enable refraction and specular reflection of light
upon transitioning from one medium to the other. However, we
calculate in the Supporting Information that refraction and
specular reflection can be neglected due to the low refractive
index of the aerogel. Thus, the transparency and light
propagation in the 3D-structured aerogel is purely defined by
the light−matter interaction within the nanoporousmaterial and
is not affected by the type of microstructure. We extract the
scattering and absorption coefficients of the TiO2 aerogel from
experimental UV−visible (UV−vis) transmission and reflection
data by solving the inverse problem of the radiative transfer
equation, as described in Section SI1 of the Supporting
Information.36 Here, we identify Rayleigh scattering (Figure
2c) and electron excitation from the valance to the conduction
band by UV light (Figure 2d) as the main light redirection and
absorption mechanisms in the TiO2 aerogel, respectively. While
Rayleigh scattering is unique for the nanoporous structure of the
translucent aerogel, electron excitation due to UV light
absorption, exists for any TiO2-based material. Further, we
combine the derived optical coefficients of the aerogel with the
Monte Carlo method to calculate the number of absorbed
photons for unstructured, sc-structured, and fcc-structured

samples with thicknesses in the range of 0−3.5 mm, as shown in
Figure 2e. We see that the unstructured and fcc-structured
aerogels reach similar absorption values with increasing sample
thickness, whereas themaximum absorption for the sc unit cell is
about 26% lower. The drastically lower light utilization of the sc
structure is a result of the filament stacking sequence, which
allows light to pass the aerogel without being absorbed. In the fcc
structure, the consecutive layers of the same orientation are
shifted by one filament diameter, which obstructs the formation
of a direct line of sight. Moreover, we performed time-resolved
Monte Carlo simulations for a scattering and nonscattering
sample to reveal the impact of the Rayleigh scattering process on
the light distribution in the fcc structures. In the absence of any
scattering, the infinitely thin pencil beam, which is launched at
the top of the fcc-structured aerogel, just passes through the
sample without any redirection of the photon path (Figure 2h,i).
In contrast, Rayleigh scattering drastically spreads the incoming
light and enables a more uniform light distribution on a
macroscopic scale (Figure 2f,g). When comparing the flux
distribution after 1 ns in Figure 2g,i, a longer residence time of
the photons becomes apparent in the presence of Rayleigh
scattering. Thus, light is trapped in the aerogel in a similar
fashion as in clouds during natural photochemical processes,
which enhances the probability of absorption.

Figure 2. Light transport through a 3D-printed TiO2 aerogel is defined by light−matter interaction from the macro- to the nanoscale. Schematic
illustration of the macroscopic 3D-printed aerogel where the microscopic filaments are arranged in (a) a simple-cubic (sc) or (b) a face-centered cubic
(fcc) unit cell. Within the nanoporous TiO2 network, (c) light scattering and (d) light absorption processes take place. (e) Calculated absorption for
unstructured, fcc-structured, and sc-structured TiO2 aerogel microlattices with thicknesses in a range of 0−3.5 mm according to 3Dmesh-basedMonte
Carlo simulations. Time-resolved flux in an fcc-structured aerogel after 0 and 1 ns obtained by 3D mesh-based Monte Carlo simulations (f, g) in the
presence and (h, i) absence of scattering, respectively. For both simulations, photons with a wavelength of 375 nm are launched at the top of the
microlattice as a collimated, infinitely thin pencil beam.
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Photocatalytic processes require not only effective utilization
of the incident light but also efficient mass transport to the
illuminated catalyst surface. To this end, we take advantage of a
leaf-type hierarchical architecture in sc- and fcc-structured
aerogels, where the gas enters the macroscopic object through
microchannels and then distributes into the nanoporous
filaments to perform photocatalytic reactions. Computational
fluid dynamics simulations in Figure 3a,b reveal that such a
hierarchical flow characteristic can only be achieved by
surrounding the microstructured aerogel geometry with
continuous walls, which can be easily added during the 3D
printing process. Moreover, only with surrounding walls, a
pronounced interaction with the stronger illuminated section at
the top of the photocatalyst becomes feasible. We evaluate the
gas transport properties of sc-, fcc-, and unstructured aerogels in
a custom flow-through reactor illustrated in Figure 3c by
measuring the pressure drop of nitrogen gas in the flow range of
25−225mLmin−1. In Figure 3d, we show that the fcc-structured
aerogel exhibits a pressure drop of less than 1 Pa mm−1 (dark
green dots), which agrees well with the predicted pressure drop
obtained by computational fluid dynamics simulations (light
green dots). Calculations of an sc-structured aerogel forecast a
similar pressure drop as for the fcc-pattern due to the similar

channel dimensions (gray triangles). In contrast, an unstruc-
tured sample, which represents the geometry of a conventionally
casted aerogel, exceeds the upper pressure limit of 125 Pa for the
used pressure sensor, and calculations following Darcy’s law
predict a pressure drop of more than 105 Pa mm−1 (blue
squares). The reason for the five orders of magnitude higher
pressure drop for the unstructured aerogel relies on the mean
free path of the nitrogen gas molecule of about 59 nm, which is
higher than the aerogel’s average pore size of 20 nm (Figure
SI1b).37 Thus, the transport is dominated by molecule−wall
interactions, and high pressure differences are needed to squeeze
the gas through the nanoporous network. In contrast, the sc- and
fcc-structured sample offers 400 channels per cm2 with
dimensions of about 0.2 mm, which allows the gas molecules
to flow freely and laminar through the 3D geometry, as derived
in Section SI3 of the Supporting Information. Nevertheless,
reducing the pressure drop by 3D structuring does not
necessarily correlate with an improved transport of reactants
to the catalyst surface. In fact, the high pressure drop for an
unstructured aerogel has the advantage that the gas is uniformly
squeezed through the nanoporous network as long as the
resulting mechanical load does not lead to the uncontrolled
formation of cracks and gas channeling.12 In contrast, for a 3D-

Figure 3. Effect of 3D structuring on the mass transport characteristic of TiO2 nanoparticle-based aerogels. Simulated velocity profiles of an sc-
structured aerogel (a) without and (b) with a surrounding wall indicate that the geometry needs to be enclosed for a good interaction of the gas stream
with the catalyst. (c) Schematic drawing of a custom flow-through reactor that was utilized to evaluate the pressure drop of an unstructured and
structured aerogel. For an unstructured and 3D-structured aerogel, mass transport is dominated by Knudsen flow through the nanoporous medium
and free, continuum flow through the microscopic channels of the 3D architecture, respectively. (d) Measured and calculated pressure drops of
unstructured and 3D-structured aerogels for flow rates in a range of 25−225 mL min−1.
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structured aerogel, reactants are no longer actively forced
through the nanoporous network but need to diffuse from the
microchannels into the aerogel to be converted during the
photocatalytic process. In this case, the conversion might be
limited by the supply of reactants if the reaction proceeds much
faster than the diffusion to the center of the aerogel filament. In
Section SI2 of the Supporting Information, we conclude that for
a filament diameter of 200 μm, no internal mass transfer
limitations are present and that the whole catalyst participates in

the reaction. Thus, the key attributes of 3D-structured aerogels
in terms of mass transport are minimized energy consumption
and reliable operation due to the drastically lower pressure drop
without compromising the permeation of the aerogel with
reactants. Moreover, we learned that the type of structuring is
not as relevant for the flow resistance as for the light utilization as
long as some type of structuring is present.

Combining the insights from the photon and mass transport
simulation reveals that the fcc structure is most promising for a

Figure 4. Effect of 3D structuring on photocatalytic hydrogen evolution in the gas phase. (a) Schematic representation of the custom-made continuous
gas flow reactor. Before each photocatalytic measurement, the samples are illuminated with UV light in a steady air stream to remove any organic
residue from the catalyst surface. For the photocatalytic measurement, a helium gas stream is regulated with a mass flow controller and saturated with
water and methanol vapor. The gas stream enters the reactor at the top and passes through the sample while being illuminated with a UV LED.
Following that, the gas stream containing reactants and products of the photocatalytic reaction is directed to a gas chromatograph for the quantification
of the evolved hydrogen. (b) Mean absolute hydrogen evolution vs time for fcc-structured TiO2 aerogels with thicknesses in the range of 0.7−3.0 mm.
The photocatalyst features a transient activity, which declines within a couple of hours into a steady-state value. The inset shows the average and
standard deviation of the steady-state region and the calculated light absorption from 3D mesh-based Monte Carlo simulations plotted vs the sample
thickness. (c) Mass-normalized hydrogen production rate vs time for TiO2 powder, an unstructured TiO2 aerogel of 2.1 mm thickness, and fcc-
structured TiO2 aerogels of 2.1 and 1.1 mm thickness, respectively. The inset shows the hydrogen production rate relative to TiO2 powder. (d) Mass-
normalized hydrogen production rate vs time for an fcc-structured Au/TiO2 aerogel of 1.1 mm thickness and Au/TiO2 powder. All samples feature
lateral dimensions of 1.5 cm to obtain a similarly illuminated surface area.
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photocatalytic application, since we achieve similar levels of light
utilization as for an unstructured aerogel with a five order of
magnitude lower resistance to gas flow. With a photon and mass
transport-optimized microstructure in place, we can now
compare the performance of fcc-, sc-, and unstructured aerogels
against nanoparticle powder for the hydrogen formation from a
helium gas stream saturated with a water/methanol mixture, as
shown in Figure 4a. Methanol is a more efficient hole scavenger
than water and facilitates hydrogen formation (see Figure
SI2).8,38 The photoreactor reflects the aspect ratio of the 3D-
printed aerogels and is designed in such a way that the gas stream
and photons penetrate the sample from the top. The evolved
hydrogen is detected via gas chromatography every 29 min.
Although the synthesis of TiO2 nanoparticles is considered as
ligand-free,39 solvents are involved during the processing of the
3D-printed aerogels that remain attached to the surface of the
nanoparticles after supercritical drying. These organic species
may interfere with the photocatalytic hydrogen production
process, where their decomposition during UV illumination
results in misleading amounts of detected hydrogen or block
catalytic active sites.40 We apply a UV pretreatment in air prior
to each measurement, during which an online analysis via gas
chromatography reveals that organic species decompose within
15 h of illumination (Figure SI3). Moreover, performing the
catalytic reaction in the absence of water and methanol
subsequent to UV cleaning fails to produce any hydrogen.
Thus, we conclude that the UV cleaning process effectively
removes organic residues from the catalyst surface and that the
hydrogen formation stems from the photocatalytic conversion of
methanol and water on the TiO2 aerogel. In the presence of
water/methanol, we observe a strong formation of hydrogen,
which declines within a couple of hours before reaching a steady-
state value (Figure 4b). Such a transient activity is a common
effect for TiO2 photocatalysts in the gas phase and is generally
attributed to the formation of intermediate surface species,
which are partly occupying the active sites and originate from the
oxidation of methanol.38,41−45 We observe that the conversion
of methanol yields carbon dioxide and methyl formate (see
Figure SI4).
The transient activity recovers after performing a second UV

cleaning process, as shown in Figure SI5. We take the average of
the steady-state values to evaluate the absolute amount of
evolved hydrogen for fcc-structured TiO2 aerogels with
thicknesses in the range of 0.7−3.0 mm. In the inset of Figure
4b, we see that the steady-state hydrogen evolution of the fcc-
structured TiO2 aerogel reaches 30 ppm for a thickness of 3.0
mm and follows a similar thickness dependence as the calculated
light absorption from 3D mesh-based Monte Carlo simulations.
Compared to an unstructured aerogel with similar light
absorption, the absolute amount of evolved hydrogen for the
fcc-structured aerogel is almost identical (Figure SI6), which
indicates that the permeation of the 3D-structured aerogel with
reactants is not compromised despite the diffusive mass
transport through the nanoporous filament with a diameter of
200 μm. Besides, the hydrogen production rate is independent
of the flow rate in a range of 1.25−20 mLmin−1, which indicates
that the conversion is not limited by the supply of reactants
(Figure SI7). Nevertheless, for other photocatalytic processes or
materials with a higher conversion rate, a smaller filament
diameter and channel dimension might be needed to prevent
any diffusion limitation.
Even though a thicker aerogel results in a higher absolute

amount of evolved hydrogen (Figure 4b), the increase

diminishes due to the decreasing light intensity. Therefore,
tripling the thickness of an fcc-structured TiO2 aerogel from 1 to
3 mm only rises the absolute amount of hydrogen by a factor of
about 1.8. To enhance the utilization of the photocatalyst, an
adjustment of the thickness for the most effective use of the
incident light is needed. We describe the effective use of the
photocatalyst by calculating a mass-normalized hydrogen
production rate for fcc-, sc-, and unstructured aerogels and a
nanoparticle powder, which is still one of the most employed
approaches to benchmark a photocatalyst.12 We present the
mass-normalized hydrogen production rates in Figure 4c. For
identical outer dimensions and a thickness of 2.1 mm, the fcc-
structured TiO2 sample shows the highest rate of all aerogel
microstructures. We attribute the increase relative to the
unstructured aerogel to the improved illumination along the
catalyst thickness, which results from the added porosity of the
microchannels, and the increase relative to the sc-structured
aerogel to the higher light utilization of the fcc structure,
respectively (Figure 2e). Further, by varying the number of
printed layers, we can match the thickness of the fcc-structured
aerogel to the light intensity distribution. In this way, decreasing
the thickness from 2.1 to 1.1 mm enhances the hydrogen
production rate by 41%, and we achieve a total improvement by
a factor of 2.3 relative to the unstructured TiO2 aerogel.
Compared to the same amount of a TiO2 nanoparticle powder,
the hydrogen production rate of the 1.1 mm thick fcc-structured
aerogel is 5.2 times higher, which results from combining an
efficient illumination with an about 3.2 times higher specific
surface area of the nanoporous solid (Figure SI1).

Due to the modular ink design principle, pristine TiO2 gels
can also be loaded with 0.9 wt % Au nanoparticles of 30 to 40 nm
(Figure SI8) without compromising the specific surface area and
pore size distribution of the final aerogel (Figure SI1c,d). We
show the hydrogen production rate of an fcc-structured Au/
TiO2 aerogel of 1.1 mm thickness and Au/TiO2 powder in
Figure 4d. Generally, we observe that the hydrogen production
rates of Au-decorated TiO2 feature no transient activity and are
about 20 times higher than pure TiO2 due to less electron−hole
recombinations and a reduced activation barrier for hydrogen
formation.8,46,47 Apart from the material-specific improvement,
the mass-normalized hydrogen production rate of the fcc-
structured Au/TiO2 aerogel again rises nearly fivefold by a factor
of 4.7. We attribute the slightly lower enhancement relative to
the factor of 5.2 for pure TiO2 to the reduced light penetration
depth owing to the additional light absorption of Au
nanoparticles. The similarity of both values indicates that our
microstructuring approach is a universal, geometric tool and that
similar improvements can be expected for other photocatalytic
materials than TiO2 or Au/TiO2 when processed in the form of
an fcc-structured aerogel of comparable surface area. Never-
theless, for other materials with drastically different optical
properties, an adjustment of the 3D aerogel thickness is needed
to compensate for the varying light penetration depths.

■ CONCLUSIONS
We provide a fundamental understanding of light and mass
transport in 3D-printed aerogel structures to enhance the
photocatalytic efficiency in a continuous gas flow reactor. By
computational fluid dynamics and Monte Carlo simulations, we
propose an fcc unit cell as an ideal photocatalyst microstructure
since it combines the light utilization of an unstructured aerogel
with a five order of magnitude lower resistance to gas flow. We
take the hydrogen evolution from a water/methanol-saturated
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gas stream as an example and show that filament diameters of
200 μm are sufficient to ensure a full permeation of the 3D-
structured aerogel with reactants. Moreover, 3D printing
permits a most effective illumination of the catalyst by tuning
themacroscopic thickness toward the light penetration depth. In
this way, the mass-normalized hydrogen evolution rate for 3D
TiO2 and Au/TiO2 aerogels rises by a factor of 5.2 and 4.7 in
respect to the nanoparticle powder counterparts, respectively.
We believe that a similar 5-fold improvement can be achieved for
other nanomaterials as long as the 3D-structured aerogel
possesses a comparable surface area and a thickness tuned to
the light penetration depth. Ultimately, the combination of 3D
printing with a computer-aided design scheme provides a great
platform for engineers and scientists to design, optimize, and
implement innovative aerogel photocatalysts for a variety of
photochemical processes.

■ EXPERIMENTAL SECTION
Chemicals. Acetonitrile (99.95%), diethyl ether (≥99.9%), and

ethanol (EtOH, anhydrous, ≥99.97%) were purchased from VWR.
Ammonium hydroxide solution (28.0−30.0% NH3 basis), benzyl
alcohol (anhydrous, 99.8%), gold(III) chloride trihydrate (>99.9%),
poly(methyl methacrylate) (PMMA, average Mw = 120,000), poly-
(vinylpyrrolidone) (PVP, average Mw = 40,000), sodium borohydride
(NaBH4, 99%), and titanium(IV) tetrachloride (TiCl4, 99.9% trace
metal basis) were purchased from Sigma-Aldrich. n-heptane (95%) was
purchased from Alfa Aesar. Liquid CO2 and helium (purity 5.0) were
purchased from Westfalen. Hydrogen (purity 5.0) was purchased from
Linde. Nitrogen (purity 6.0) and synthetic air (hydrocarbon free) were
purchased from SOL Deutschland GmbH. Calibration gases for
quantification of hydrogen were purchased from Air Liquide Deutsch-
land GmbH. All chemicals were used as received without further
purification.

TiO2 Synthesis. TiO2 nanoparticle synthesis was adapted from a
previously published protocol.39 In an argon-filled glovebox, 40 mL of
benzyl alcohol was added to a 100 mL round-bottom flask. Next, the
flask was closed with a stopper and transferred to an oil bath set to 80 °C
while stirring and keeping the flask closed. In the meantime, 2 mL of
TiCl4 was dropwise added to a 50mL round-bottom flask containing 10
mL of EtOH while stirring. After heating the benzyl alcohol for 10 min,
the transparent yellow TiCl4/EtOH solution was swiftly added. The
obtained solution was heated for 24 h while keeping the flask open.
After that, the flask was immersed into an ambient water bath to quench
the reaction. Next, the suspension was washed with diethyl ether
(≈4.7 mL of diethylether per 1 mL of dispersion) by three dispersion−
centrifugation cycles (1160 RCF, 5 min, room temperature, Universal
320 centrifuge, Andreas Hettich GmbH & Co. KG). Afterward, the
supernatant was removed by decantation, and the vial was loosely
covered with a cap for slow evaporation of the remaining solvent.
Finally, the dried precipitate was mortared to yield 1 g of a white
powder.

Ink Formulation. Inks for 3D printing were formulated according
to a previously reported procedure but additionally filtered with a 0.2
μm nylon syringe filter (KC92.1, Carl Roth) prior to gelation.48 TiO2
inks were loaded with Au by adapting a previously published protocol.49

HAuCl4 (16 mM) and NaBH4 (132 mM) stock solutions were
prepared by dissolving the salts in acetonitrile, which was degassed
beforehand by purging with nitrogen gas for 15 min. Next, 1 mL of an
aqueous, degassed TiO2 dispersion (241 mg mL−1) and 384 μL of the
HAuCl4 stock solution were added to a vial. After 1 min, 116 μL of
freshly prepared NaBH4 stock solution was quickly injected to the
vigorously stirred solution. After 30 min of stirring at room
temperature, the inks were stored in a refrigerator prior to gelation.
For gelation, we applied the same procedure as described above for neat
TiO2 inks.

3D Printing and Aerogel Fabrication. For 3D printing, tapered
dispensing tips with an inner diameter of 250 μm from Vieweg GmbH
were used. The 3D printing process is described in more detail in a

previously published protocol.48 After 3D printing, the water/
acetonitrile mixture contained in the wet gel was gradually exchanged
for ethanol. For this, the samples were immersed for at least 1 day into
solvent mixtures with different volume ratios: water/acetonitrile =
1.4:1, 50:50, 40:60, 30:70, 20:80, 10:90, 0:100, 0:100, followed by
acetonitrile/ethanol = 50:50, 0:100, 0:100. In a final step, the wet gels
were soaked in liquid carbon dioxide and supercritically dried in a
Quorum E3100 to yield aerogels.

Photocatalytic Measurements. The photocatalytic hydrogen
evolution from aerogels and nanoparticle powders was analyzed using a
custom-made continuous gas flow reactor at room temperature and
atmospheric pressure, as shown in Figures 4a and SI9. All aerogels were
obtained following the scheme as described in the 3D Printing and
Aerogel Fabrication Section above. The TiO2 powder was obtained by
ambient drying of a TiO2 nanoparticle precipitate after washing, as
described in the TiO2 Synthesis Section. The Au/TiO2 powder was
obtained by precipitating the ungelled Au/TiO2 ink (see Ink
Formulation Section) with an excess of acetonitrile, followed by
centrifugation, decantation, and ambient drying. The weights, absolute
amounts of hydrogen, and the mass-normalized hydrogen production
rates of the catalysts are listed in Table SI2. The self-supporting aerogels
were fixed inside the reactor with grease to avoid bypass of the gas
stream. The loose powder was spread on a filter paper, which was sealed
in the same way as the aerogel. The viewport was sealed with an FPM75
O-ring. All gas connections were made with stainless steel tubing, and
the gas flows were adjusted using mass flow controllers (MFC,
Bronkhorst). The outlet of the reactor was connected to a gas
chromatograph (Agilent 8860) equipped with a Deans switch, which
directs the eluent from the PoraPLOT U (25 m × 0.32 mm × 10 μm)
column either to a series of thermal conductivity and flame ionization
detector or to a series of a HP-Plot 5A (30 m × 0.32 mm × 25 μm)
column and a helium ionization detector. The hydrogen signal was
calibrated with commercial calibration gases containing defined
amounts of hydrogen. The gas chromatograph enables sample
acquisition every 29 min. Before each measurement, the samples
were UV-cleaned in the reactor for 24 h at room temperature in a
continuous flow of synthetic air at a flow rate of 5 mL min−1 and UV
illumination with a 200 W Hg/Xe arc lamp (66984-200HX-r1,
Newport) equipped with a water filter (61945, Newport) to remove
IR light from the light source. Gas chromatograph measurements were
performed to monitor the cleaning process. IR spectra and results of
CHN elemental analysis of UV-cleaned TiO2 aerogel and powder are
shown in Figure SI10 and Table SI3, respectively. After UV cleaning,
helium was bubbled through a custom-made stainless steel chamber
filled with water and methanol (1:1 v/v) to enrich the gas stream with
water and methanol vapor. Before light illumination, the flow rate was
set to 20mLmin−1 to remove oxygen residues in the tubing and reactor.
Next, the flow rate was decreased to 5 mL min−1, and the sample was
illuminated with a high-power LED (M375L4, Thorlabs) with an
emission peak at 375 nm. The output of the LEDwas collimated with an
aspheric condenser lens (ACL2520U-DG6-A, Thorlabs) and illumi-
nated the whole sample area. The output power was measured with a
photodiode power sensor (S120VC, Thorlabs). For this, the same
distance between the light source and sensor as between the light source
and sample was used. For the photocatalytic experiments, the power of
the LEDwas set to 116mWcm−2 and was controlled via a custom-made
electronic circuit consisting of a power supply, an LED driver (LDD-
1500H, Mean Well), and an Arduino Uno. Control experiments were
carried out with an empty reactor in a water/methanol-saturated helium
gas stream and with a TiO2 aerogel sample inside the reactor in a dry
helium gas stream, and no hydrogen evolution was observed.

Computational Modeling. For photon transport in 3D-structured
and unstructured geometries, tetrahedral meshes were generated using
the MATLAB-based program Iso2mesh.50 For computing reasons, the
mesh represents a small section of the periodic geometry. In detail, the
number of filaments per layer was reduced from 39 to 8 for the
structured samples. Moreover, the dimensions of the unstructured
geometry were scaled to achieve a similar optical thickness in a lateral
direction than for the structured geometries. The generated meshes
were used to perform 3D Monte Carlo light transport simulations with

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c03503
Chem. Mater. 2023, 35, 3849−3858

3855

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03503/suppl_file/cm2c03503_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03503/suppl_file/cm2c03503_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03503/suppl_file/cm2c03503_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


MMCLAB.51 The optical parameters were extracted from solving the
inverse problem of the radiative transfer equation and UV−vis
integrating sphere measurements, as described in Section SI1 of the
Supporting Information. The light source was either a pencil beam or a
circular disk source with a diameter of twice the filament diameter. For
each calculation, at least 50,000 photons were used. We verified mesh
independence by calculating the absorption of a 3.5 mm thick fcc-
structured aerogel for three different mesh sizes of 5.1, 8.7, and 14
million elements. The calculated absorption varied by less than 0.1%,
and the mesh featured a mean Joe-Liu mesh quality metric of 0.8.52

Computational fluid dynamics simulations were performed with the
“Free and Porous Media Flow” Interface of COMSOL Multiphysics
software (COMSOL 5.4). Computations were performed on a
computing cluster (4xAMD EPYC 7302 processors, available RAM:
2060.17GB). Mesh convergence was verified for three different mesh
sizes of 2.1, 2.4, and 5.2 million elements, respectively. The pressure
drop calculations for the three meshes varied by less than 1.3%. For a
more detailed description of the simulations, we refer to Section SI3 in
the Supporting Information.

Characterization. The dimensions of the sample were determined
from optical micrographs, and the mass was measured using a
microbalance (LA 254i, VWR). The density of the samples was
calculated from the measured mass and dimensions. Scanning electron
microscopy images were taken with a Regulus 8220 (Hitachi High
Technologies Corp., Japan). Nitrogen physisorption measurements are
shown in Figure SI1 and were performed at 77 K with a Quantachrome
Autosorb 6-MP (Anton Paar QuantaTec Inc.). The specific surface area
and pore size were determined via the Brunauer−Emmet−Teller
(BET) method and density functional theory (DFT) analysis,
respectively. ForDFT analysis, a Non Local DFT (NLDFT) calculation
model for nitrogen at 77 K using the equilibrium branch was applied,
and cylindrical pores in silica were assumed. Prior to measurement,
samples were degassed at 100 °C for 24 h. Transmission electron
microscopy (TEM) and scanning transmission electron microscopy
(STEM) images were taken with a JEM 1011 (JEOL Ltd., Japan) and
JEM-2200FS (JEOL Ltd., Japan), respectively. TEM and STEM images
of an Au/TiO2 aerogel are shown in Figure SI8. The Au loading of the
Au/TiO2 aerogels was determined by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7700 series). Fourier transform
infrared spectra were recorded on a Bruker ALPHA II spectrometer
equipped with an attenuated total reflection module. Carbon,
hydrogen, nitrogen (CHN) elemental analysis was performed on a
Vario EL III (Elementar Analysensysteme GmbH). Powder X-ray
diffractionmeasurements are shown in Figure SI11 and were performed
on a Bruker D8Discovery using Cu Kα X-ray radiation. UV−vis spectra
were recorded using an Agilent Cary 5000 spectrophotometer
equipped with a 150 mm integrating sphere. Pressure drop experiments
were performed in a custom-designed flow cell, as shown in Figure 4a.
The pressure drop was measured with a differential pressure sensor
(SDP810-125 Pa, Sensirion) with a detection range of 0 to 125 Pa. The
edges of the 3D-printed aerogel sample were sealed with grease, and
flow rates between 0 and 200 mL min−1 of nitrogen gas were used.
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