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light-driven catalysisT

Fabian Matter,} David Kiwic,i Marco Bernet, © Elena Tervoort
and Markus Niederberger@*

Aerogels synthesized from preformed metal oxide nanoparticles exhibit high crystallinity and can be
manufactured in transparent form, making them appealing for photo- and photothermal catalysis. To
date, translucent nanoparticle-based aerogels are primarily produced in monolithic form by casting
techniques, which are labor-intensive and costly, and these centimeter-sized bodies are prone to mass
transport limitations when applied in catalysis. Here, we present a simple process to prepare millimeter-
sized worm-shaped and spherical aerogel granules with high optical clarity and large specific surface
areas ranging from 130 to 550 m? g%, using colloidally stable dispersions of TiO,, ZrO,, and In,Os
nanocrystals. These granules are easier to produce and handle, and our Pd/TiO, aerogel granules
demonstrate superior photocatalytic performance in methanol decomposition, achieving nearly
complete conversion of 1 mol% methanol in air at high flow rates (space velocity of ~115 L g=* h™%). This
significant improvement over their monolithic counterparts highlights the potential of aerogel shaping to

enhance their viability for practical applications such as the photocatalytic oxidation of volatile organic

rsc.li/materials-a compounds.

1. Introduction

Photocatalysis provides promising solutions to pressing energy
and environmental problems." It enables the conversion of CO,
into solar fuels,” the purification of water from toxic chemicals®
or pesticides® and the depolymerization and upcycling of
microplastics.” An important parameter in photocatalysis is the
surface area of the catalysts, which is why nanopowders with
their large surface area are particularly advantageous. Conse-
quently, nanoparticles have become widely used in photo-
catalysis,’ and decades of research have optimized their
performance by fine-tuning composition, crystal structures,
surface chemistry, and particle morphology.”® While these
strategies effectively refine the catalyst properties at the nano-
meter scale, they often overlook macroscopic factors. Properties
such as light penetration depth and reactant transport through
the bulk photocatalytic material profoundly influence catalytic
efficiencies. Therefore, the macroscopic structure should also
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be taken into account when optimizing the photoactivity of
a material.>*

When designing photocatalysts for gas-phase applications,
an effective strategy for preserving the high surface area of
nanoparticles is to assemble them into aerogels."*** By carefully
selecting the nanoparticles and controlling the gelation
process, it is possible to precisely tailor the composition and
porosity of aerogels, which in turn affect their chemical and
optical properties.” However, in photocatalytic applications,
monolithic aerogels often encounter mass and light transport
limitations due to the mesoporous structure and light scat-
tering within the aerogel framework.>* One approach to
address these limitations is to modify the aerogel geometry by
incorporating a 3D-printed scaffold, which improves both gas
flow and ultraviolet light penetration.”> While scaffold integra-
tion presents intriguing possibilities, it remains costly and
difficult to scale. A more practical solution would be to shape
the aerogel directly during production, enabling rapid mass
transport, optimal illumination, and compatibility with a range
of photoreactor designs.

Among various photocatalytically active materials that can
be structured into aerogels, titanium dioxide (TiO,) stands out
due to its strong oxidation potential under ultraviolet light,
making it highly promising for the decomposition of organic
molecules.' Methanol is commonly studied as a model volatile
organic compound (VOC) because of its extensive use in today's
chemical industry and its projected role in a future methanol-
based economy."” The photocatalytic activity of TiO, can be

This journal is © The Royal Society of Chemistry 2025
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further enhanced by combining it with metal nanoparticles."*>°
Palladium (Pd), for instance, is highly effective in photocatalytic
methanol reforming when paired with TiO,.*"*> Pd not only
improves charge carrier separation, extending the lifetime of
photoexcited electrons in TiO,, but also provides active sites for
the binding and dissociation of reactants and intermediates,
resulting in superior photocatalytic performance.”® Given the
attractive properties of TiO, nanoparticles and the ease with
which they can be combined with other nanoparticles, it is not
surprising that TiO, nanoparticle-based aerogels have garnered
substantial interest for photocatalytic applications. Aerogels
combine high light transmittance with a large surface area (up
to 550 m> g '), which is fully accessible due to their open
porous microstructure. With a highly crystalline, photoactive
matrix, TiO, aerogels meet key requirements for efficient gas-
phase photocatalysis. For instance, large cylindrical monoliths
of Au/TiO, aerogels have been studied for CO, reduction to
methanol.> By optimizing the noble metal cocatalyst, these
aerogels produced hydrogen efficiently from methanol and
water vapor, generating 3.5 times more hydrogen compared to
their powdered counterparts.”® Further improvements were
achieved through nitrogen doping of TiO,, optimization of the
palladium cocatalyst, and adjustments to the monolith's
surface-to-volume ratio to enhance illumination.>**® These
studies have highlighted the critical role of the macroscopic
shape of aerogels in optimizing mass transport and catalyst
illumination.'®*” Notably, the penetration depth of 375 nm UV
light into titania aerogels was found to be approximately 2-2.5
mm,**" and mass transport within the aerogel network occurs
primarily via Knudsen diffusion, resulting in relatively low
permeability despite the material's high porosity.® Although
reducing aerogel density can slightly improve transport rates,
the adjustment range is very limited. As a result, aerogels with
cross-sections larger than a few millimeters should be avoided
to ensure complete catalyst illumination and minimize the
length of diffusion pathways. Similar diameters are often
employed in industrial catalysts to optimize mass transport.”®
Moreover, smaller aerogel shapes are easier to handle
compared to fragile macroscopic monoliths. Spherical aerogels,
with millimeter-sized diameters, have already been successfully
produced using sol-gel methods.> " For instance, Thoni et al.
demonstrated the continuous production of Au/Al,O; aerogel
spheres using a heated droplet reactor.” While these develop-
ments are promising, achieving a narrower size distribution
could further improve catalyst bed packing reliability and
reduce pressure drops in industrial applications. Additionally,
the sol-gel methods used in previous studies often result in
metal oxide phases with poor crystallinity, limiting quantum
efficiency and reducing photocatalytic activity.*® Therefore,
establishing a method to shape crystalline, nanoparticle-based
gels into granular aerogels is crucial for maximizing photo-
catalytic efficiency and improving conversion rates.

Ideally, aerogel photocatalysts could even replace the more
widely applied thermal catalysts in industry, particularly in
applications such as the removal of odorous or hazardous
volatile organic compounds (VOCs) from industrial emission
streams. This process is crucial for industries aiming to reduce
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emissions, improve air quality, and comply with environmental
regulations.”>** A variety of methods exist for mitigating VOC
emissions, including adsorption on activated carbon filters,
direct flaring, and catalytic decomposition.*® Among these
methods, thermal catalysis is the most versatile for handling
fluctuating VOC concentrations. However it often requires high
temperatures (250-500 °C), leading to significant energy
consumption and operational costs.*® In contrast, photo-
catalysis presents a promising alternative that could reduce
these energy demands, provided that suitable photo- and pho-
tothermal catalysts are developed.

In this study, we present a straightforward and efficient
method for preparing worm-shaped and spherical TiO, aerogel
granules, both of which are ideal for photocatalysis. This
method is also successfully adapted to ZrO, and In,0;, two
other materials relevant for catalysts, which, to our knowledge,
have not been produced as transparent nanoparticle-based
aerogels. We characterize these aerogels using X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), gas sorption
measurements, and thermogravimetric analysis (TGA) and
compare their properties to those of the established monolithic
aerogels. To evaluate the photocatalytic performance of the
aerogel granules, we chose methanol oxidation in air, given its
simplicity and relevance for VOC emissions mitigation. For this
purpose, we fabricate worm-shaped and monolithic Pd/TiO,
aerogels and test them under various illumination conditions
and reactant flow rates in a custom-built photocatalytic reactor.

2. Experimental section
Chemicals & materials

Titanium(v) tetrachloride (99.9% trace metal basis), indium(m)
acetate (99.99% trace metal basis), palladium(u) acetate
(=99.9% trace metals basis), benzyl alcohol (puriss., 99-100.5%
(GC)), tris-(hydroxymethyl)-aminomethane (Trizma base,
puriss., =99.7%), hydrochloric acid (37%, for analysis
EMSURE®), ethanol (absolute = 99.8% for analysis), diethyl
ether (puriss., =99.8%), n-hexane (=97.0% for HPLC), and
acetone (=99.8% for HPLC) were purchased from Sigma-
Aldrich/Merck. Zirconium(wv) tetrachloride (99.5%+, metal
basis) was purchased from Alfa Aesar. Methanol (99.8% extra
dry over MS) and 1,4-dioxane (=99.8%, stabilized) were received
from Fisher Scientific. Synthetic air (80/20 mol% N,/O,) was
purchased from PanGas AG Switzerland. Silicone oil (Bluesil
FLD 47 V350, Elkem) was purchased from Silitech AG Switzer-
land. All chemicals were used as received.

Synthesis of TiO, nanoparticles

Trizma-functionalized TiO, (anatase) nanoparticles were
synthesized according to a previously published protocol.®
Briefly, TiCl, (8 mL, 73 mmol) was added dropwise to ice-cooled
ethanol (24 mL, 441 mmol) under constant stirring. Meanwhile,
benzyl alcohol (160 mL) was preheated to 120 °C in an oil bath
before Trizma (728 mg, 6 mmol) was added and dissolved over
1 min. The ethanolic precursor solution was then added to the
preheated benzyl alcohol before the reaction vessel was closed
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with a perforated lid and kept for 2 h at 120 °C under constant
stirring. After quenching the reaction by cooling to room
temperature in a water bath, 24 mL aliquots of the reaction
solution were mixed with diethyl ether (25 mL) to precipitate the
particles. The white powder was collected by centrifugation
(5 min, 4000 rpm) and washed three times with diethyl
ether (3 x 40 mL) and hexane (3 x 40 mL). For each step, the wet
precipitate was mixed with fresh solvent, shaken vigorously,
and centrifuged for 1 min at 4000 rpm before the clear super-
natant was discarded. Finally, the precipitate was suspended in
hexane (30 mL) before water (4 mL) was added to extract the
nanoparticles. After slight shaking and centrifugation (1 min,
4000 rpm) to improve phase separation, the clear aqueous
dispersion (~220 mg mL™') was separated from the clear
hexane phase with a syringe. All the colloidal dispersions of
a batch were combined and stored overnight in a closed vial at
room temperature before being diluted with water (1 : 1 vol/vol)
and used for gelation.

Pd/TiO, dispersions were prepared analogously with an
additional post-synthetic step. After synthesis of the TiO,
nanoparticles at 120 °C for 2 h, a quarter of the reaction solution
(47 mL) was transferred into a 100 mL round-bottom flask
preheated to 140 °C. A solution of palladium(n) acetate
(30.7 mg, 0.137 mmol) in benzyl alcohol (5 mL) was added, and
the mixture was left for 15 min at 140 °C under constant stir-
ring. During this time, the color changed from white to grey,
indicating the formation of Pd nanoparticles. Washing and
redispersion were performed as described above to obtain
a dark brown colloidal dispersion.

Synthesis of ZrO, nanoparticles

ZrO, nanoparticles were synthesized in benzyl alcohol starting
from zirconium(wv) chloride as a precursor. First, ZrCl, (2.91 g,
12.5 mmol) was added to ethanol (3 mL, 51 mmol) under
constant stirring, forming a white solid under the release of
hydrochloric acid. The mixture was stirred for another
10 minutes to allow for complete dissolution, yielding a color-
less transparent solution. The ethanolic precursor solution was
then transferred to a round-bottom flask filled with benzyl
alcohol (150 mL) preheated in an oil bath to 200 °C. The reac-
tion solution was kept at 200 °C for 30 min open to air, during
which the initial colorless solution gradually turned milky. To
increase the dispersibility for later processing, 4.5 mL of
hydrochloric acid was carefully added to the hot reaction
mixture. Upon addition, the formerly milky dispersion turned
transparent under vigorous boiling. Right after addition, the
mixture was removed from the oil bath and cooled to room
temperature in a water bath. 24 mL aliquots of the reaction
solution were mixed with a hexane-diethyl ether mixture
(20 mL, 10:1 vol/vol) to precipitate the particles. The white
precipitate was collected by centrifugation (4000 rpm, 5 min)
and washed three times with diethyl ether (3 x 30 mL) and
hexane (3 x 30 mL). The particles were finally extracted with
water (15 mL) as described above. To allow further processing
into gels, the aqueous dispersion was purified by centrifugal
filtration (Amicon Ultra-15, 10 kDa MWCO). To this end, the
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initial dispersion was reduced from 15 mL to 3 mL, followed by
dilution to 15 mL with deionized water. This washing step was
performed 3 times in total. Subsequently, the concentrated
viscous dispersions of the batch were combined and diluted to
9 mL to obtain the final ZrO, dispersion (~173 mg mL ).

Synthesis of In,O; nanoparticles

In,0; nanoparticles were synthesized by reacting indium(u)
acetate with benzyl alcohol. First, benzyl alcohol (50 mL) was
heated in a 100 mL round-bottom flask to 210 °C in an oil bath
before indium acetate (5000 mg, 17.1 mmol) was added. The
mixture was kept for 20 min at 210 °C open to air, during which
time the solution changed from white (undissolved precursor
suspension) to clear transparent (colloidally stable dispersion of
nanoparticles). The reaction was finally quenched by cooling to
room temperature in a water bath. The solution was passed
through a syringe filter (PTFE, 0.45 um) to remove traces of solid
residues resulting from impurities of the precursor. For
washing, 12 mL aliquots of the reaction solution were mixed
with a hexane-diethyl ether mixture (30 mL, 9:1 vol/vol) to
precipitate the particles. The white precipitate was collected by
centrifugation (4000 rpm, 3 min) and washed three times with
acetone (3 x 30 mL) as described above. The wet precipitate of
an aliquot was redispersed in water (2 mL) to give ~2.4 mL of
a clear, slightly yellowish colloidal dispersion (~240 mg mL ™).
Freshly prepared dispersions were used for gelation within the
first hours due to the limited stability of the concentrated
dispersion.

Gel and aerogel fabrication

Gelation of the aqueous dispersions was induced by the addi-
tion of nonsolvents and subsequent heating to 25-55 °C.*3**%
Depending on the system and desired geometry, different
gelation conditions and solvent ratios were used (see Table 1).
For monolithic samples, the dispersion was first destabilized by
nonsolvent addition before being transferred into cut-open
syringes. This mold was sealed with parafilm to prevent
solvent evaporation during gelation. Once fully gelled, the
monolithic gels were demolded into the corresponding solvent
bath. For the preparation of granules and spheres, the desta-
bilized dispersion was gelled in a syringe (typically 3 mL) sealed
with a syringe cap. Shorter gelation times were applied
compared to the monoliths to prevent the gel from becoming
too rigid. Worm-shaped granules were produced by extruding
the pre-gelled dispersion through a nozzle (1 mL micropipette
tip, inner diameter ~ 800 um) directly into a solvent bath, using
a syringe pump at a rate of 2 mL min~". For spherical granules,
the solvent bath was topped with a layer of silicone oil, and the
pre-gelled dispersion was added dropwise through a needle
(0.5 x 40 mm). Dioxane was chosen over acetone as a non-
solvent due to its higher density. This choice allowed the
spherical gel beads to pass through the less dense silicone oil
layer and then through the phase boundary into the denser
dioxane-water layer, where they retained their spherical shape
imparted by the hydrophobic oil layer. To ensure rapid gelation

This journal is © The Royal Society of Chemistry 2025
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Table 1 Gelation conditions used for the preparation of aerogel monoliths and worm-shaped and spherical granules. The initial concentration
refers to the nanoparticle concentration before mixing; the nonsolvent concentration refers to the concentration after mixing, i.e., 50%
corresponds to a 1: 1 ratio of dispersion and nonsolvent. Note that in practice the conditions can vary slightly since the stability of the aqueous

nanoparticle dispersions can slightly change during storage

Material Initial conc. [mg mL ] Shape Nonsolvent [vol%] Gelation temp. Gelation time Bath (vol%) Bath temp.

TiO, 110 Monolith Acetone (50%) 25 °C 60 min Acetone (70%) 25 °C
Worms Acetone (50%) 25 °C 15 min Acetone (70%) 25 °C
Spheres Dioxane (50%) 25 °C 5 min Dioxane (80%) 55 °C

In,03 240 Monolith  Acetone (66%) 55 °C 60 min Acetone (90%) 25 °C
Worms Acetone (66%) 55 °C 30 min Acetone (90%) 25 °C
Spheres Dioxane (60%) 55 °C 15 min Dioxane (90%) 55 °C

Zr0, 173 Monolith Dioxane (55%) 55 °C 20 min Acetone (75%) 25 °C
Worms Acetone (55%) 55 °C 30 min Acetone (85%) 25 °C
Spheres Dioxane (55%) 55 °C 5 min Dioxane (80%) 55 °C

of the spheres within the oil layer, the two-layer solvent bath was
maintained at 55 °C.

The gels of all three geometries were aged in the corre-
sponding bath at 55 °C overnight to reduce shrinkage during
solvent exchange. In the case of the monolithic and worm-
shaped samples, the aqueous pore fluid was gradually
replaced by acetone (10% steps every 2 h). The spheres were
collected from the dioxane-water phase and washed three times
with pure dioxane to remove any potential oil contaminations,
before the dioxane was replaced by repeated washing with pure
acetone. After solvent exchange, the pore liquid was removed by
supercritical drying with CO, (E3100, Quorum Technologies) at
42 °C and 100 bar as described in detail elsewhere.®

Characterization

X-ray diffraction (XRD) patterns were recorded on a Malvern
PANalytical Empyrean diffractometer (PIXcel 1D detector, Cu K,
radiation, reflection mode, Si wafer). Thermogravimetric anal-
ysis (TGA) was performed on a Mettler Toledo TGA/DSC 3+
STARe instrument (Mettler-Toledo) using a heating rate of
10 °C min " under an ambient atmosphere. Nitrogen sorption
data were collected on a Quantachrome Autosorb iQ at 77 K.
Specific surface area and pore size distribution were determined
using density functional theory (DFT) and a nonlocal density
functional theory (NLDFT) equilibrium model for silica with
cylindrical pores. Prior to analysis, samples of 20-70 mg were
degassed at 100 °C for 24 h. The theoretical surface area of the
individual nanoparticles was calculated from the bulk density
and the corresponding crystallite size using simple geometric
considerations (TiO, anatase: 3.88 g cm™>,*® 3.1 nm; t-ZrO,:
6.09 g cm*? 2.9 nm; c-In,O5: 7.04 g cm ™ *® 6.8 nm). Optical
microscopy images were recorded on a Keyence microscope
(VHX-6000). Scanning electron microscopy (SEM) images were
recorded on a Zeiss Gemini 2 instrument operated at 5 kV using
an inlens detector. Small aerogel pieces were placed on
conductive carbon tape and sputtered with 4 nm of Pt by
a Safematic sputter coater CCU-010. The Pd/TiO, aerogels were
further characterized using scanning transmission electron
microscopy (STEM) with an FEI Talos F200X operating at
200 kv. For STEM imaging, a high-angle annular dark field

This journal is © The Royal Society of Chemistry 2025

(HAADF) detector was employed. High-resolution energy
dispersive spectroscopy (EDS) was performed using a SuperX
integrated EDS system equipped with four silicon drift detectors
(SDDs). The Pd content in the photocatalyst was determined
using X-ray fluorescence (XRF) spectroscopy on a Rigaku ZSX
Primus IV spectrometer equipped with a 4 kW Rh source and
analyzing crystal detectors, including LiF(200), Ge, PET, and
RX26.

Photocatalytic measurements

The photocatalytic decomposition of methanol over Pd/TiO,
aerogels was studied in a custom-built setup consisting of a gas
preparation system, a continuous flow reactor,” and a gas
chromatograph (see Fig. S1 in the ESIT). All samples used for
these experiments were prepared from the same dispersion and
supercritically dried under identical conditions. Before the
tests, the samples were heat-treated at 350 °C for 20 h in air to
increase the mechanical stability and prevent possible crack
formation during photocatalytic testing. The monolithic sample
(39 mg) was placed on a fine-meshed stainless steel grid (SD
265/50, Bopp Switzerland) attached to the bottom of a hollow
cylinder made of PMMA (poly(methyl methacrylate)) discs with
an inner diameter matching the monolith dimensions (see Fig.
S1t). Granules (39 mg) were confined within the same cylin-
drical space to ensure equal photon flux across both samples.
The mounted samples were first pretreated under a constant
synthetic air stream of 20 sccm (standard cubic centimeters per
minute) for 2 h under UV LED light (Thorlabs, M365LP1, A:
365 nm, 2000 mW cm™?) to remove any organic residues and
exclude artifacts arising from shrinking under high irradiance.
During the photocatalytic experiments, the samples were irra-
diated from both sides with UV LEDs (4 = 365 nm) equipped
with aspheric condenser lenses. For a comparative study with
visible light, two white light-emitting LEDs (Thorlabs,
MCWHLP1, 400-800 nm) were used instead. The irradiance was
calibrated using a thermal power sensor (Thorlabs S405C) and
regulated during measurement via a computer-controlled setup
(pulse width modulation, 100 Hz, 2000 mW cm 2). The
synthetic air flow was regulated using mass flow controllers
(Alicat Scientific). To introduce methanol (MeOH) vapor into
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the gas stream, the headspace of a boiling MeOH solution was
first passed through a reflux condenser set at 3 °C. This MeOH-
enriched stream was then mixed with the dry synthetic air
stream in different ratios (see Fig. S1 in the ESI}). During the
experiments, the methanol concentration was adjusted between
0.05 and 1.00 mol%, the overall gas flow rate ranged from 20 to
75 sccm and the irradiance measured at the sample was varied
between 0 and 1000 mW c¢cm ™. Each condition was maintained
for at least 60 min for each measurement point. The outlet gas
flow was monitored using a calibrated gas chromatograph
(Micro GC Fusion, Inficon) equipped with three modules (Rt-
Molsieve 5A with an Rt-Q-Bond Backflush, Rt-Q-Bond, and Rt-
U-Bond) and a TCD detector. The reactor and gas chromato-
graph were connected through a heated line (80 °C). The outlet
stream was sampled every 5 min.

3. Results & discussion

Preparation of monolithic, worm-shaped and spherical
aerogels

The preparation of nanoparticle-based aerogels is based on the
controlled destabilization of concentrated colloidal disper-
sions.'>?° The stability (i.e., the degree of agglomeration of the
nanocrystals) of these dispersions has a major influence on the
quality of the aerogels, particularly their optical transparency,
mechanical stability and porosity. To produce nanoparticle-
based aerogels from a specific material, it is important that
the corresponding nanoparticles can be processed into stable
colloidal dispersions. In addition to the titania (TiO,) nano-
particle dispersions previously used for the preparation of
aerogel monoliths, here we additionally prepared stable
colloidal dispersions of zirconia (ZrO,) and indium oxide
(In,O3) nanoparticles using two newly developed synthetic
procedures. Despite the high concentrations (>240 mg mL ")
all three dispersions are characterized by a high optical
transparency, indicating minimal agglomeration of the nano-
particles (Fig. 1).

In.O

2558
E——
——

1 cm

Fig.1 Digital photograph of concentrated, colloidally stable aqueous
dispersions of TiO,, In,Osz, and ZrO, used in the preparation of
nanoparticle-based aerogels with various shapes.
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Upon controlled destabilization, the nanoparticles first
assemble into larger clusters, which eventually interconnect
into a space-spanning network. The resulting gel can be
supercritically dried after solvent exchange to fabricate aero-
gels. In the preparation of nanoparticle-based metal oxide gels,
a two-step destabilization process has been proven to be
particularly reliable. In this method, gelation is initiated by the
addition of a nonsolvent (e.g., acetone), which can be followed
up by an increase in temperature, which further destabilizes the
dispersion.*” This combination of triggers allows for precise
control over the gelation process and facilitates the production
of homogeneous, centimeter-sized aerogel monoliths. The
ability to control gelation is fundamental to this study, as it
enables the variation of aerogel geometries across a wide range,
from conventional centimeter-sized monoliths to millimeter-
sized worm-shaped and spherical granules.

Starting with the preparation of conventional monoliths, the
nanoparticle dispersions were destabilized using a nonsolvent,
followed by gelation at elevated temperatures in cut-open
syringes. After gelation, the monoliths were transferred from
the syringe molds into a solvent bath. For the preparation of
granules, the destabilized dispersion was gelled in an unmod-
ified syringe for a shorter time. This pre-gelled dispersion was
then extruded through a nozzle into a solvent bath to form
worm-shaped granules. Rapid reformation of the gel network
was crucial to prevent the extruded gels from sticking together
or even softening and dissolving. To achieve this, the non-
solvent fraction in the solvent baths was increased compared to
the pre-gelled dispersions within the syringes. Lastly, spherical
granules were produced by adding the pre-gelled dispersion
dropwise to an oil layer on top of a solvent bath. To ensure rapid
gelation of the spherical droplets within the oil layer, the solvent
bath (including the oil layer) was heated to 55 °C. An overview of
these processes is given in Fig. 2. In this study we established
the processing parameters (nanoparticle concentrations, non-
solvent fractions and temperatures) that made it possible to
produce transparent and well-defined aerogels of three different
materials and with various shapes, ranging from cylindrical and
disc-shaped monoliths to worm-shaped and spherical granules.

Fig. 3-5 display digital photographs of the final aerogels
composed of titania (Fig. 3), zirconia (Fig. 4) and indium oxide
(Fig. 5). Independent of shape and composition, all aerogels
exhibit translucency. The size of the monoliths can reach the
centimeter scale, determined from the dimensions of the
syringe molds used during preparation.

Optical microscopy reveals that the worm-shaped granules
have a relatively uniform diameter of approximately 0.7 mm,
while their lengths vary between 2 and 5 mm. Tests with
different nozzles (0.2-1.5 mm) showed that the granule diam-
eter can be easily varied through the nozzle diameter. However,
the length of the extruded strands was not directly controlled
and instead resulted from inadvertent fragmentation during
processing. The length of these fragments is directly related to
the mechanical stability of the extruded gel. Additional experi-
ments with more concentrated dispersions yielded significantly
longer fragments (data not shown). The relatively short frag-
ments of In,0; granules can be explained by the low mechanical

This journal is © The Royal Society of Chemistry 2025
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Fig.2 Process for the preparation of aerogels with different geometries starting from colloidally stable dispersions of nanoparticles. The stability
of the dispersion is first reduced with a nonsolvent, then filled into a mold and gelled under heating. Depending on the degree of gelation, the
material can be demolded as a monolith, extruded through a nozzle into a solvent bath to form worm-shaped granules, or added dropwise into
a solvent bath covered with a silicone oil layer to form spherical granules.

stability of In,0; gels relative to TiO, and ZrO, gels. We attri- in the gel network and, consequently, weaker gel structures. The
bute this fact to the larger crystal size of the In,0; nanoparticles  spherical granules exhibit a uniform diameter of about 1.3 mm
(as confirmed by XRD analysis), which leads to fewer cross-links  for both TiO, and ZrO, and ~1.6 mm for In,03. The sphere

Fig. 3 (Top) The digital image of a TiO, nanoparticle-based aerogel monolith in addition to the worm-shaped and spherical aerogel granules.
(Bottom) Optical microscopy images of spherical and worm-shaped granules.
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Fig. 4

(Top) The digital image of a ZrO, nanoparticle-based aerogel monolith in addition to the worm-shaped and spherical aerogel granules.

(Bottom) Optical microscopy images of spherical and worm-shaped granules.

diameter depends on the droplet size and can easily be tuned
(e.g., via the needle diameter and pre-gelling duration) for
a specific application. Moreover, these granules are produced
directly without additional processing steps or additives, which
are otherwise often required in the production of industrial
catalysts.*

The process for producing transparent monoliths from
metal oxide nanoparticles has previously been demonstrated
for TiO,, and in this study, we extend that approach to ZrO, and
In,0; nanocrystals, showing that similar translucent monoliths
can be fabricated from their colloidal dispersions. Both the
fabrication of monoliths and the novel approach for producing
aerogel granules require careful optimization of the process
parameters to achieve well-defined shapes. The investigation
into the gelation behavior of different metal oxide colloids
identified two critical factors for forming granules: the degree of

15598 | J. Mater. Chem. A, 2025, 13, 15592-15608

gelation before extrusion and the composition of the solvent
bath.

The degree of gelation significantly affects the viscoelastic
properties of the gel, with thixotropic behavior observed in the
early stages, shortly after the transition from a liquid dispersion
to a self-supporting gel. This temporary liquefaction under
mechanical stress is crucial for extrusion, while rapid regelation
after exiting the nozzle ensures that the granules retain their
shape and prevents the granules from sticking together. If
extrusion occurs too early, the gels tend to flow excessively or
stick together. Conversely, extruding at a more advanced stage
of gelation, where thixotropy is lost, leads to tearing of the gel,
resulting in granules with irregular shapes, poor translucency,
and low mechanical strength. According to several studies, the
gelation of colloidal dispersions likely progresses through the
formation of secondary clusters, which then interconnect into

This journal is © The Royal Society of Chemistry 2025
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Fig.5

(Top) The digital image of an In,Oz nanoparticle-based aerogel monolith in addition to the worm-shaped and spherical aerogel granules.

(Bottom) Optical microscopy images of spherical and worm-shaped granules.

a volume-filling network over time.»*'**® We hypothesize that
the optimal time for extrusion is when cluster formation and
growth are nearly complete, but before the clusters permanently
interconnect with each other into a rigid, volume-filling
network. At shorter gelation times, the cluster size and
number may be too small for a rapid reformation of a self-
supporting structure, while with longer gelation times, the
network becomes too rigid to be liquefied during extrusion.
Therefore, to ensure high-quality granules, it is crucial to
precisely control the gelation rate to achieve the desired visco-
elastic properties of the gel. This rate can be finely tuned by
adjusting the amount of nonsolvent added to the aqueous
dispersion or by changing the gelation temperature. Decreasing
the amount of nonsolvent or lowering the temperature results
in slower gelation, providing more time for any further pro-
cessing steps.*

This journal is © The Royal Society of Chemistry 2025

The composition and temperature of the solvent bath were
identified as equally important factors for producing high-
quality granules. The solvent bath serves to enhance the gela-
tion rate after extrusion by further decreasing the repulsion
between the secondary clusters. This adjustment can be ach-
ieved through various methods.** For the formation of
spherical granules, both the solvent bath and the oil layer were
preheated to 55 °C to promote faster gelation of the spherical
droplets within the oil layer before they enter the solvent phase.
Incomplete gelation caused the spherical droplets to deform or
break up during their transition from the oil into the solvent
layer. For worm-shaped granules, extrusion occurred at room
temperature. In both cases, the solvent baths had a higher
concentration of nonsolvent compared to the destabilized
dispersions. Experiments with different bath compositions
revealed that alternatives such as salt solutions (e.g., NaCl and
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CaCl,) or alkaline solutions could also be used instead of
a nonsolvent/water mixture, providing a variety of processing
options (data not shown). Regardless of the destabilizer used,
excessive water content in the solvent baths led to the merging,
swelling, or dissolution of the extruded gels, while high
concentrations of nonsolvents, bases, or salts caused significant
shrinkage, increased opacity, or cracking. Therefore, precise
control of bath parameters, such as temperature, nonsolvent
fraction, ionic strength, and pH, is crucial for achieving trans-
lucent, well-defined granules.

By carefully adjusting both gelation conditions and bath
composition, TiO,, ZrO,, In,03, and potentially various other
metal oxide nanoparticles can be effectively converted into
porous, transparent aerogel granules. In addition to its versa-
tility, the extrusion process is also scalable and allows the
production of worm-shaped aerogel granules on a gram scale.
In contrast to the aerogels based on TiO, nanoparticles, which
have already been intensively investigated in our
group,>**'$18242¢ 7rQ, and In,0; nanocrystals have not yet been
assembled into transparent aerogels. Therefore, the following
section provides a detailed structural and morphological char-
acterization of the synthesized nanoparticles and the resulting
aerogels by X-ray diffraction, gas sorption measurements,
scanning electron microscopy, and thermal gravimetry.

To study the crystal phase purity and crystallite size of the
nanoparticles and to investigate possible alterations of these
building blocks during processing, we performed powder X-ray
diffraction (XRD) on the dried dispersions and the powdered
aerogels (Fig. 6). All samples exhibit excellent crystallinity with
an identical crystallite size and crystal structure for the
respective material, indicating that the original nanocrystalline
building blocks remain unaltered during the gelation and
drying processes. The crystallite sizes were estimated using the
Scherrer equation to be approximately 3.1 nm for TiO, (101
reflection), 2.9 nm for ZrO, (220 reflection), and 6.8 nm for
In,0; (222 reflection). The XRD pattern for TiO, corresponds to
the anatase phase, consistent with previous studies.***® For
ZrO,, the pattern corresponds to the tetragonal or cubic phase,
respectively, with no distinct peaks from the monoclinic phase.
This is consistent with similar syntheses showing that ZrO,
nanocrystals around 3 nm in size tend to crystallize in the
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metastable tetragonal phase, whereas larger particles
(above 8 nm) typically adopt the room-temperature stable
monoclinic phase.*®** However, the broad diffraction peaks,
characteristic of nanocrystalline materials, make it challenging
to distinguish between the tetragonal and cubic phases of ZrO,
due to their similar lattice constants. According to microscopy
studies and first principles computer simulations,* the phase
transition from the tetragonal to the cubic phase occurs if
particle sizes become smaller than 2.1 nm. Given a crystallite
size of 2.9 nm, we thus assume that the crystal structure of the
as-synthesized ZrO, nanoparticles is tetragonal. For In,0O3, the
XRD pattern closely matches that of the cubic phase, which is
consistent with a previous report on nanocrystalline In,O;
synthesized via a similar method.*

In the production of aerogel granules, the gel network is
disrupted and rearranged during extrusion, which raises the
question of whether this process influences the microstructural
properties of the aerogel granules compared to the monoliths.
We therefore conducted gas sorption measurements to inves-
tigate the surface areas and pore size distributions of the three
geometries (Fig. 7). The obtained surface areas vary only slightly
with shape, with no clear trend between the different geome-
tries. All aerogels feature high surface areas of 500-550 m> g~ *
(TiO,), 330-390 m> g~ ' (Zr0O,) and 110-130 m”* g~ ' (In,03).
These values are close to the theoretical surface areas calculated
from the crystallite size and crystal bulk density of the indi-
vidual nanoparticles (TiO,: 500 m* g~ ', ZrO,: 340 m* ¢, and
In,0;: 125 m? g~ !). This finding indicates that the network
structures of all aerogels are very finely branched and readily
accessible to gases. The pore size distribution for TiO, aerogels,
centered at around 35 nm, is consistent across all shapes and
aligns well with previous studies.'*'®** In contrast, ZrO, aero-
gels show variability in pore sizes: worm-shaped granules
exhibit the largest pores, approximately 75 nm, monoliths have
intermediate pore sizes around 40 nm, and spheres display the
smallest pore sizes, around 25 nm. We attribute these differ-
ences to the varying degrees of macroscopic shrinkage of the
gels observed during solvent exchange. Worm-shaped granules,
which were destabilized and extruded in acetone, experienced
minimal shrinkage due to the absence of strong solvent gradi-
ents. Conversely, monoliths and spheres, destabilized with
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Fig. 6 XRD patterns of the dried TiO,, In,O3, and ZrO, dispersions compared with the patterns obtained for ground aerogels of different shapes.
The phase and crystallite size of the initial building blocks are fully preserved after assembly and drying. Reference patterns: anatase TiO, (ICSD:

193269), tetragonal-ZrO, (ICSD: 85322), and cubic-In,O3 (ICSD: 14387).
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Fig. 7 Nitrogen sorption isotherms and surface area (Top) and pore size distribution (Bottom) of TiO,, ZrO,, and In,Oz aerogels with different
geometries. Note that the scaling of the y-axis for In,Oz has been adjusted for better readability.

dioxane and subjected to a more rapid solvent exchange with
acetone, showed greater shrinkage. Measurements of the
dimensions and weight revealed a density of about 300 g cm >
for the monolith and 500 g cm* for the spheres, which is
consistent with the observed shift in mean pore size from 40 nm
to 25 nm. For In,03, the pore size appears to exceed 80 nm,
placing it outside the detection range of gas sorption analysis,
as reflected by the flat isotherm and the small, detected pore
volume. These characteristics are likely due to the larger crys-
tallite size of In,O; (~7 nm) compared to TiO, and ZrO,
(~3 nm). In aerogels with similar porosity (i.e., a similar volume
fraction of the solid), larger particles lead to a network with
thicker branches and thus larger void spaces.

Scanning electron micrographs (Fig. 8) reveal a finely
branched structure for all three oxides, with no significant
differences observed between the various aerogel shapes. In the
case of TiO,, the building blocks appear slightly more fused,
showing rod-like sections that can be attributed to the oriented
attachment of the Trizma-functionalized TiO,
particles.*®* For ZrO, and In,03, the individual building blocks
are more distinct. In all three systems, the branch diameter
ranges between 10 and 20 nm, which is significantly larger than
the crystallite size estimated by XRD. This discrepancy is most
likely due to the coarsening of microstructural features during
the sputter coating process required for imaging® rather than
the agglomeration of primary particles during gelation. Such
a high degree of agglomeration would typically result in much
lower surface areas or a higher degree of microporosity, neither

nano-

of which were observed during gas sorption analysis.

Dioxane was used as the destabilizer to initiate gelation and
as nonsolvent in the solvent baths in the production of the
spherical aerogels. Unlike most other water-miscible, low-
polarity organic solvents, dioxane has a higher density than
silicone oil, which is necessary to maintain a floating oil layer
on the solvent bath, allowing the droplets to adapt a spherical
shape before they gel. However, aqueous dioxane solutions are
partially miscible with silicone oil, raising concerns about
possible silicone contamination in the final aerogels. To

This journal is © The Royal Society of Chemistry 2025

investigate this, thermogravimetric analysis (TGA) was per-
formed on all aerogel shapes to compare and assess potential
silicone residues. As shown in Fig. 9, the mass loss profiles
across the three geometries are very similar, indicating that the
spherical samples do not suffer from significant oil contami-
nation. Among the materials, TiO, shows the highest total mass
loss (~21%), followed by ZrO, (~17%) and In,O3 (~7%). This
trend is expected as the amount of surface adsorbates scales
with the surface area, decreasing from TiO, (~530 m* g™ ") to
Zr0, (~350 m”> g~ ') and In,05 (~120 m* g7 ).

The TGA profile and differential scanning calorimetry (DSC)
curve for In,0; differ notably from those of TiO, and ZrO,. We
attribute this variation to the different precursors used during
synthesis - an acetate precursor for In,O; and chloride
precursors for TiO, and ZrO, - resulting in different synthesis
by-products and surface adsorbed species.*® The endothermic
mass losses observed at around 100 °C for all three materials are
ascribed to the evaporation of surface adsorbed water and
residual low boiling-point solvents, such as acetone and 1,4-
dioxane. TiO, and ZrO, exhibit a broad exothermic peak in DSC
at around 280 °C, which we attribute to the decomposition of
surface-bound benzyl alcohol and Trizma (for TiO,). Both
samples show a less pronounced peak at around 450-500 °C,
which can be explained by the decomposition of synthesis by-
products, such as benzyl ether and benzoic acid.””*® The DSC
curve for In,0; reveals a sharp peak at around 305 °C, likely due
to the loss of surface-bound acetates or other potential
synthesis by-products such as benzyl acetate. In contrast, TiO,
and ZrO, exhibit a broad, gradual mass loss from approximately
200 °C to 500 °C. This is hypothesized to result from three
concurrent processes: (1) condensation of surface hydroxyl
groups (exothermic) followed by desorption of water (endo-
thermic),* (2) sintering of the crystallites (exothermic) under
the release of water, and (3) desorption of adsorbed HCI
(endothermic). XRF analysis confirmed the presence of 4 to
7 wt% of chloride for these two samples (Table S17), whereas no
chloride was detected in the In,0; samples, consistent with the
chloride-free synthesis route. Furthermore, XRD studies and

J. Mater. Chem. A, 2025, 13, 15592-15608 | 15601


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta09013f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 04 March 2025. Downloaded on 8/13/2025 12:13:29 PM.

(cc)

Journal of Materials Chemistry A

View Article Online

Paper

Fig. 8 Representative scanning electron microscopy (SEM) images of worm-shaped TiO,, ZrO,, and In,Oz aerogel granules at different
magnifications. A similar microstructure was found for monolithic aerogels and spherical granules.
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Fig. 9 Thermogravimetric analysis (TGA) of TiO,, ZrO,, and In,Os aerogels in different geometries, performed under air flow. The gray line
represents the heat flux measured by differential scanning calorimetry (DSC), showing one endothermic peak and two broad exothermic peaks
for TiO, and ZrO,, and a single, sharp exothermic peak at around 300 °C for In,Os.

gas sorption analysis revealed a gradual growth in crystallite
size (from ~3 nm to ~10 nm) and loss of surface area (from
~530 m* g~ ! to ~150 m* g ') for TiO, aerogels annealed at
different temperatures between 200 and 500 °C (see Table S3 in
the ESIT). In contrast, In,0; aerogels exhibit less sintering, with
only slight changes in surface area and crystallite size upon

15602 | J Mater. Chem. A, 2025, 13, 15592-15608

heating to 500 °C. This can be attributed to the larger particle
size of In,0; (~7 nm), which makes it more resistant to sin-
tering compared to the smaller particles of TiO, and
ZrO, (~3 nm).

As confirmed by XRD, gas sorption analysis and TGA, aerogel
granules exhibit almost identical properties to monoliths,

This journal is © The Royal Society of Chemistry 2025
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showing that the extrusion process does not adversely affect the
microstructure of the resulting aerogels. Nevertheless, granules
have substantial benefits over monolithic structures. Not only
are they much easier to handle than the brittle monoliths, but
they also allow for more efficient post-treatment, e.g., to remove
organic compounds from the surface, which is often required
for (photo-)catalytic applications. Organic residues are prefer-
ably removed by UVA, as conventional calcination at elevated
temperatures reduces the specific surface area. However, the
penetration depth of UVA is very limited for UV-absorbing
materials such as TiO, and In,O;, so the treatment of
centimeter-sized aerogels can take several days. In contrast, the
granules can be spread in thin layers, allowing much more
effective treatment. In addition, the short diffusion paths of
granules facilitate solvent exchange and supercritical drying,
which drastically reduces fabrication time and cost. As will be
shown in the next section, the short diffusion paths also posi-
tively affect the mass transport during catalysis.

Photocatalytic measurements

The key motivation for developing aerogels in various shapes
was to explore how their geometry affects the photocatalytic
performance. These studies were conducted exclusively on TiO,-
based aerogels, as TiO, is significantly more photocatalytically
active than ZrO, and In,0;. As a model reaction we studied the
oxidation of methanol over worm-shaped and monolithic aer-
ogels with palladium as a cocatalyst (Fig. 10). The Pd/TiO,
catalysts were characterized by STEM and XRF to verify the
distribution and morphology of Pd nanoparticles within the
TiO, aerogel network. STEM images (Fig. S3-S51) and XRF data
(Table S1t) confirmed the uniform distribution of Pd particles
throughout the samples, with a consistent Pd loading of
~0.17 wt% for both aerogel geometries. Many studies use
higher amounts of Pd (=1 wt%),***® which increases the cost
and environmental impact of the catalyst. By using a lower Pd
loading, our approach reduces both the economic and envi-
ronmental footprint while maintaining effective catalytic
performance.

View Article Online
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The procedure for obtaining the relevant photocatalytic data
involved fixing the methanol concentration and total reactant
gas flow rate while systematically varying the light intensity
(irradiance). Fig. 11a illustrates the methanol conversion rates
of monolithic and granular Pd/TiO, at varying light intensities
(irradiances). For both catalyst geometries, methanol conver-
sion increases linearly with irradiance up to ~200 mW cm 2,
after which it plateaus as conversions exceed ~80%. This linear
increase is typical of photocatalytic processes, as the rate is
initially limited by the number of available charge carriers,
which in turn depends on the number of incident photons. In
this reaction-limited regime (irradiance <200 mW c¢cm™?), gran-
ules outperform monoliths by 20-50% under equal illumina-
tion. We hypothesize that two factors contribute to the lower
conversion rate observed in the monolithic aerogels. First, some
of the photons are absorbed in the bulk of the monolith, where
the supply of reactants from the surface is hindered by the long
diffusion paths. Second, the non-uniform flow velocity (faster at
the lateral surface and slower at the illuminated circular surface
of the monolith) can create depletion zones around the mono-
lithic sample, where the supply of reactants is slower than their
consumption. In both cases, the unused charge carriers are lost
to recombination rather than driving the desired reaction,
which reduces the overall efficiency of the catalytic process. At
higher irradiance levels (>400 mW cm ), the charge carriers
become abundant, and the process is mainly constrained by the
mass transport rate. In this transport-limited regime, further
increases in irradiance lead to only modest gains in conversion.
Notably, granules achieve 100% conversion between 400 and
600 mW cm >, while the monolithic sample does not reach full
conversion even at 1000 mW c¢cm 2. This observation highlights
the superior mass transport properties of a catalyst bed filled
with granules compared to a single aerogel monolith.

The goal in VOC decomposition is the complete oxidation of
the organic molecule to CO, and water. In the case of methanol,
the chemical reaction can be written as follows: CH;OH + 3/2 O,
— CO, + 2 H,0. However, methanol (MeOH) can also undergo
partial oxidation to formaldehyde (CH,O): CH;0H + 1/2 O, —

Fig. 10 Digital image of monolithic and worm-shaped Pd/TiO, aerogels used for photocatalytic testing. The brown-grey appearance is due to

the visible light absorption of the incorporated Pd nanoparticles.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A, 2025, 13, 15592-15608 | 15603


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta09013f

Open Access Article. Published on 04 March 2025. Downloaded on 8/13/2025 12:13:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

View Article Online

Paper

Monolith

1% MeOH
20 SCCM

0 T T T T T
0 200 400 600 800 1000

Irradiance [mW/cm?]

a) 100+
.90 Granules
= 8ol
§ 70
g 601
S 50
O 40-
5 30
2 201

10
Granules

O
~
N
o
o
L

~

o N 0 ©
O O O o
L I

N
o

MeOH Conversion [%]
w [¢)]
o o

N
o
L

-
o o

0 200 400 600 800 1000

Irradiance [mW/cm?]

Monolith

) 1004 ]
— 90
S%. 80+
s 70
g 60-
£ 50
O 40-
5 30
2 20-
10

0 T T T T T
0 200 400 600 800 1000

Irradiance [mW/cm?]

Fig. 11 Photocatalytic methanol conversion of Pd/TiO, aerogel monolith versus worm-shaped granules at different irradiances. (a) Direct
comparison of the methanol conversion of the two geometries. Methanol conversion together with the respective selectivity for CO, for (b) the

granules and (c) the monolith.

CH,O + H,0. This reaction is typically undesirable due to the
high toxicity of CH,O. Therefore, the selectivity towards CO,
(Sco,) is a critical metric and was analyzed for both monoliths
and granules. Fig. 11b and c¢ show the Sco, for both aerogel
geometries, along with the corresponding conversion rates. In
addition to the three main products (water, formaldehyde and
CO,), small amounts of a fourth compound were detected,
particularly at low irradiances (<200 mW cm~2). We assume that
this is methoxymethanol, as identified in previous studies,
which forms spontaneously in the co-presence of methanol and
formaldehyde.®* The So, values for both samples remain nearly
identical across the entire irradiance range, indicating that
selectivity is more dependent on the availability of charge
carriers than on mass transport dynamics within the photo-
catalyst. At low irradiance (<200 mW c¢m™?), the partial oxida-
tion of methanol (MeOH) to formaldehyde likely results from an
insufficient number of charge carriers relative to the available
methanol molecules. In this regime, adsorbed MeOH interacts
with only a few charge carriers, leading to its conversion to
formaldehyde, which desorbs before additional charge carriers

15604 | J Mater. Chem. A, 2025, 13, 15592-15608

become available to complete oxidation to CO,. At an irradiance
above 400 mW cm 2, sufficient charge carriers are available to
promote complete oxidation of MeOH to CO,.

To further elucidate the mass transport differences between
the two photocatalyst shapes, the flow rate of the reactant gas
(1 mol% methanol in air) was varied. Increasing the flow rate
reduces the residence time of the reactants near the catalyst,
typically leading to a decrease in conversion. Fig. 12a and
b show the irradiance-dependent methanol conversions for
both geometries at flow rates between 20 and 75 sccm. As ex-
pected, the monolith's performance is significantly more
affected by these changes in the flow rate. At an irradiance of
400 mW cm 2, the conversion drops from approximately 90% to
60% for the monolith, whereas granules only show a decrease
from about 100% to 80%. At the maximum irradiance (1000
mW cm?), the granules maintain nearly 100% conversion
regardless of the flow rate, while the monolith experiences
a 15% reduction in conversion at 75 sccm. As anticipated, the
granules show reduced sensitivity to mass transport limitations,
allowing for efficient methanol decomposition even at high flow

This journal is © The Royal Society of Chemistry 2025
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Fig.12 Photocatalytic performance of Pd/TiO, aerogel granules ((a) and (c)) and as monolith ((b) and (d)) at different gas flow rates and methanol

concentrations in the gas stream.

rates when exposed to intense irradiance. This finding is critical
for maximizing the throughput of a photocatalytic system.
However, in addition to the successful degradation of high
methanol concentrations (1 mol%) as shown above, there is
also a need to study the decomposition of lower VOC concen-
trations, such as those found in industrial ventilation systems.
Typically, the source of VOC emissions, such as the paint drying
process in automotive manufacturing, is not directly ventilated;
instead, entire sections of warehouses are ventilated, leading to
the dilution of VOCs with cleaner air. Catalytic combustion
systems must therefore be capable of destroying these trace
amounts as well. To simulate such conditions, we conducted
experiments using lower methanol concentrations of 500 to
5000 ppm (0.05 to 0.5 mol%), which are more representative of
those found in industrial settings and common in the
literature.>>*

Fig. 12¢ and d show the irradiance-dependent methanol
conversion at concentrations between 0.05 and 1.00 mol% at
a constant flow rate of 20 scem. For both aerogel geometries, the

This journal is © The Royal Society of Chemistry 2025

MeOH conversion increases with the dilution of MeOH. At
irradiances of 400 mW cm™?, the conversion increases from
89% to 97% for the monolith and from 98% to 100% for the
worm-shaped granules. The granules are particularly effective
in fully decomposing trace amounts of methanol (500-2000
ppm) even at low irradiances of 200 mW cm 2, whereas in the
case of the monolith, significant amounts of methanol (>6%)
pass unconverted through the catalyst bed. Both geometries
achieve excellent selectivities towards CO, (>99.5%) for
concentrations below 0.2 mol% methanol (data not shown),
even at low irradiances of 200 mW cm™>. This is expected
because at very dilute concentrations there is an excess of
charge carriers available per molecule of methanol, favoring
complete oxidation to CO, partial oxidation to
formaldehyde.

Although our previous analysis assumes a purely photo-
catalytic process driven by charge carrier generation in TiO,, the
UV/vis light absorption of Pd nanoparticles cannot be totally
disregarded. It is likely that some UV photons are absorbed by the

over
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Pd nanoparticles, where their energy is converted into heat. The
local heating of Pd nanoparticles can potentially drive methanol
decomposition via a photothermal effect. To investigate this
possibility, we conducted additional experiments using visible
light (400-800 nm) at 20 sccm and 1% MeOH, which is beyond
the absorption edge of TiO, and primarily absorbed by the Pd
nanoparticles. The results (Fig. S61) indicate that methanol can
indeed be oxidized using visible light only, although the meth-
anol conversion rate does not increase linearly with irradiance as
for UV light, but rather exponentially, which is characteristic of
a thermally driven process.”® Under visible light, significant
MeOH conversion (>10%) rates are only achieved at irradiances
above 200 mW c¢cm 2. These observations suggest that activity at
low irradiance UV light (0-200 mW c¢m™?) is primarily due to
photocatalytic rather than thermal effects. By comparing the
number of available UV photons to the electrons involved in the
reaction, we found that the granules achieve remarkably high
apparent quantum efficiencies of 77-85% within this initial
linear regime (see the ESI{ for details), underscoring the high
efficiency of Pd/TiO, aerogels in utilizing UV light. Nonetheless,
the experiments also show that visible light absorption by the
metal phase in metal/semiconductor photocatalysts can play
a substantial role in enhancing the reaction rate, especially at
higher irradiances. This finding raises the exciting possibility of
using broadband illumination, such as solar light (300-2500 nm),
rather than relying solely on UV light sources. While significant
attention has been given to combining plasmonic nanoparticles,
particularly gold, with semiconductors such as TiO,, our results
suggest that non-plasmonic metals such as Pd could also be of
significant interest for this purpose.

In summary, we compared the photocatalytic performance of
worm-shaped and monolithic Pd/TiO, aerogels using methanol
oxidation as a model reaction. This system supports both the
photocatalytic decomposition of methanol under UV light and
photothermal catalysis under visible light, enabling full solar
spectrum utilization. Under UV light, two distinct regimes were
observed: a reaction-limited regime at low irradiances
(0 to 200 mW cm™2), where conversion was constrained by charge
carrier availability, and a mass transport-limited regime at higher
irradiances (above 400 mW cm™?). The granules consistently
outperformed the monoliths under all tested conditions. The
improved performance is attributed to larger flow channels
between the granules in the catalyst bed, which promote better
gas mixing and a more uniform supply of reactants to the catalyst
surface. Additionally, the granules' shorter diffusion pathways
enable more efficient mass transport into the catalyst. The ability
of illuminated (1000 mW cm?) granules to fully oxidize methanol
at a high concentration (1 mol%) and high flow rates (75 sccm,
corresponding to a space velocity of ~115Lg " h ! or ~7250 h ™)
underscores the potential of nanoparticle-based aerogel photo-
catalysts for real-world VOC decomposition applications.

4. Conclusions

We presented a new process for producing nanoparticle-based
aerogel granules with high optical clarity and high surface
area from colloidal dispersions of metal oxide nanocrystals. The
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process is based on the extrusion of pre-gelled dispersions into
a solvent bath at an early stage of gel formation. Depending on
the bath setup, both worm-shaped granules and spherical aer-
ogel granules can be produced with high optical clarity and
uniform shape on a gram scale. Using this approach, we have
successfully prepared aerogel granules from TiO,, ZrO, and
In,0; nanocrystals, demonstrating its potential applicability
across a wider range of metal oxides. Experiments on the pho-
tocatalytic degradation of methanol vapor over TiO, aerogels
highlight the advantages of extruded granules over traditional
monoliths. Worm-shaped granules exhibited significantly
enhanced photocatalytic performance, achieving higher
conversion rates at elevated flow rates, fully eliminating meth-
anol at concentrations common in industrial applications. This
improvement is attributed to the shortened diffusion paths
offered by the millimeter-sized granules and the more uniform
gas flow through the catalyst bed. In addition to their excellent
interaction with gaseous reactants, the granules are more cost-
effective to produce and easier to handle, representing
a significant step toward the practical implementation of effi-
cient aerogel photocatalysts. Future work will focus on opti-
mizing the granule diameter and Pd content to reduce the
required light input, further enhancing system efficiency and
practicality. Moreover, the demonstrated photothermal activity
under white light suggests that such aerogel catalysts could be
adapted for other catalytic reactions, where semiconductor-
based photocatalysis has struggled to achieve practical conver-
sion rates thus far, eg, water splitting, CO, reduction,
ammonia production, and methane dry reforming.
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