This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

Article
Cite This: ACS Appl. Nano Mater. 2018, 1, 6123−6130

www.acsanm.org

Tailoring Composition and Material Distribution in Multicomponent
Cryoaerogels for Application in Photocatalysis
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ABSTRACT: In this article, we demonstrate the fabrication
of tailored multicomponent cryoaerogels from colloidal
nanoparticles via the cryogelation method. With this method,
it is possible to control the amount of components very
precisely. Furthermore, the microscopic distribution of the
diﬀerent nanoparticle components in the resulting monolithic
structure is shown to be adjustable by simply mixing
calculated amounts of colloidal nanoparticle solutions with a
suitable surface charge. We focus on titania cryoaerogels due
to their potential for optical applications and investigate the
properties of synthesized titania-gold cryoaerogels in dependency of the composition. In addition, titania-platinum
cryoaerogels were tested for photocatalytic applications such
as hydrogen evolution and showed a signiﬁcant increase in performance and stability compared to their respective colloidal
solutions. While showing comparable results for hydrogen evolution with aerogels as reported in literature, the fabrication is
much faster and less complex and therefore might enable future industrial application.
KEYWORDS: multicomponent, aerogel, photocatalytic hydrogen evolution, cryoaerogelation, colloidal nanoparticles
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scale application.13,14,17 The second reason is composite
materials (which can overcome the lack of stability) have
certain limitations in distribution of the materials and yields
that can be used to obtain aerogels.1,19,20 Recently we reported
on a new method of fabricating aerogels entitled the
cryoaerogelation method.21 This procedure allows the employment of diﬀerent nanoparticles as building blocks for aerogels
without prior complex adjustment of the surface chemistry as
long as the nanoparticles are dispersed in aqueous solution.
Cryoaerogelation is freezing and subsequent freeze-drying used
to assembly nanoparticles while retaining their properties. All
other gelation methods (i.e., aerogelation by ﬁrst inducing
assembly in liquid environment and subsequent either
supercritical or freeze-drying) are very complex and timeconsuming. Especially, since in these cases ﬁrst gelation in
liquid by chemical routes must be achieved, such conventional
routes always need the development of a speciﬁc respective
chemical gelation, which can vary drastically for diﬀerent
nanoparticle compositions or surface chemistry. The big

INTRODUCTION
Aerogelation is one way to assemble nanoparticles into
macroscopic structures. These materials show unique features
such as low density and low thermal conductivity, which
cannot be obtained by conventional materials.1,2 Aerogels
already found applications as ﬁlter material for stardust or as
transparent thermal insulation.3,4 However, the potential of
aerogels is still not fully exploited since recently they can be
fabricated of colloidal nanoparticles such as (noble) metals and
semiconductors as well as metal oxides.2,5−12 Hence, it is more
and more possible to tune aerogels with desired properties by
using speciﬁc nanoparticles such as photoactive or conductive
components as well as catalytic components, which are highly
selective.8,13,14 Combined with the advantages of large speciﬁc
surface area and large interface area between the components,
and therefore shorter path lengths (e.g., in diﬀusion processes),
aerogels are expected to be excellent catalysts and sensors.15−18
However, there are barely reports on aerogels applied in, for
example, industrial catalysis or electronics, which are based on
two main reasons. One reason is that the stability (mechanical
and thermal) of aerogels has not met the requirements for the
aimed applications so far, or, when the requirements were met,
the complexity in fabrication made them unsuitable for larger
© 2018 American Chemical Society
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Scheme 1. Synthesis Route to Multicomponent Cryoaerogelsa

a

(Top) By mixing nanoparticle solutions in the desired composition ratio with subsequent cryoaerogelation, multicomponent aerogels of desired
composition ratio can be achieved. (Bottom. A−C) In detail, the nanoparticles distribute (arbitrarily) in a homogeneous way if mixed with opposite
surface charges.

noble-metal systems (Au, Ag, Pt), the series of fabricated
material combinations was extended to other metal-oxide
noble-metal systems such as hematite noble-metal (Au, Ag, Pt)
as well as metal-oxide-hydroxides Pt (see Supporting
Information Figure S1). Although they have diﬀerent macroscopic appearances in color due to varying material and
component ratios, the microscopic morphology is for all
synthesized cryoaerogels similar. The morphology can be
described as interconnected thin sheets, which again are made
of assembled nanoparticles. To simplify, the morphology is a
3D structure made of 2D nanoparticle assemblies.
The structure is a result of freezing the aqueous colloidal
solution, where the formed ice crystals act as template for the
nanoparticles to yield the ﬁnal cryoaerogel structure. The
respective mechanism was described already in our earlier
report.21 It should be mentioned that for pure TiO2 and
hematite systems, the monoliths easily disintegrate and are
better described as voluminous powder. The fragile nature of
the pure metal oxide system can be explained with low
attractive interactions between the particles. While the
intraparticle interactions (namely ionic bonding) are quite
strong due to close proximity and high diﬀerence in
electronegativity of the oxygen and metal ions, the interparticle
interactions are relatively weak, which is mainly due to the fact
that the average atom distances between the neighboring
nanoparticles are higher than within the nanoparticles.22
Furthermore, additional Coulomb forces may occur due to
the presence of surfactants binding to the nanoparticle surface
(from colloidal synthesis). While being in a colloidal solution,
the ligands serve to stabilize the nanoparticle due the surface
charge and prevent agglomeration. Out of the aqueous
solution, the ζ-potential is of no concern.23,24 However,
humidity at ambient conditions in a highly porous system may
still eﬀect the ligands on the particle surface. Therefore, weak
Coulomb interactions between the particle surfaces may occur
and must be taken into account. We observe improved
interconnection after cryoaerogelation between the nanoparticles and an increased self-supportability of the resulting
monolithic aerogel assemblies. Additionally, the employment
of ligands may lead to cross-linking eﬀects and contribute to
the cohesion of the monolith. Besides the stabilizing ligands for

advantage of the assembly during the freezing process as
described by our route is that it is completely independent of
the type, size, and surface chemistry of the nanoparticles.
Hence, this method seems promising also for low-cost and
large scale aerogel fabrication. However, it needs to be
investigated in respect of its potential for multicomponent
aerogelation to target the need for more complex multicomponent catalysts for future applications.
In the present work, we demonstrate that by cryoaerogelation we are able to fabricate mixed composite cryoaerogels.
The article focuses on the composition tailoring of their
microstructure. We show how the method can be utilized and
what tools (e.g., zeta potential) can be used. We show that this
route has basically no restriction on the inserted components
and enables a freely variable composition ratio. This supports
catalyst design, for example, for photocatalytic hydrogen
evolution or many further applications. In detail, in the
present article we show the fabrication of metal-oxide noblemetal aerogel systems. While this route is applicable on various
types of material compositions, here, the focus is exemplarily
set on titania. We can control the distribution of the
components within the aerogel by adjusting the ζ-potential
of the employed nanoparticles. Furthermore, we can adjust the
ratio of the two components in the resulting monolith by
mixing the two nanoparticle solutions in the desired
composition ratio prior to cryoaerogelation. We investigate
how the optical properties of noble-metal TiO2 cryoaerogels
vary with changing the component ratios. Finally, we show
proof-of-principle measurements for hydrogen evolution
reaction with TiO2−Pt cryoaerogels exhibiting 5.1 mmol h−1
g−1 for 1 wt % Pt content, which are promising results
comparable to recent literature values.

■

RESULTS AND DISCUSSION
We synthesized multicomponent monoliths of titania noblemetal cryoaerogels following the cryoaerogelation method (see
also Scheme 1). The fabrication can be achieved by mixing
aqueous colloidal solutions, fast freezing this solution (e.g.,
with liquid nitrogen) and subsequent freeze-drying of the
frozen colloids. The resulting monoliths are highly voluminous,
porous, and lightweight. While we focus in this work on titania
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Figure 1. Component distribution of cryogelated aerogels in dependence of the ζ-potential of the employed nanoparticles derived from
transmission electron micrographs in two diﬀerent magniﬁcations (top and bottom, respectively). The left images (A) show a partly segregation of
the nanoparticles when employing two nanoparticles of similar ζ-potential (Pt nanoparticles with 2-dimethylaminoethanethiol ligands). The inset
shows a photograph of the TiO2−Pt cryoaerogel (scale bar represents 1 cm). The right images (B) demonstrate a homogeneous component
distribution. We assume that attraction of the oppositely charged nanoparticles leads to the homogeneous distribution already in solution prior to
cryoaerogelation. The inset shows a photograph of the TiO2−Pt cryoaerogel (scale bar represents 1 cm).

the noble metal nanocrystals (namely, citrate and dimethylaminoethanethiole (DMAT) ligands remaining partially after
excessive ultraﬁltration), no further ligands were present to
achieve the monolithic cryoaerogels, to warrant the accessibility of the nanoparticles in the superstructures. However, for
diﬀerent purposes than reported here, it might also be a
possibility to add higher amounts of ligands to create more
cross-linking interactions like, for example, intercalation of
steric ligands on purpose to obtain more stable monoliths.
Raising the metal content or applying heat treatment (for
example 150 °C) to these cryoaerogels leads to increased
stability (i.e., less brittleness) of the metal oxide monoliths,
which can be explained by two reasons. First, the heat
treatment can decrease interparticle distances and therefore
enhance the mechanical and thermal stability.22 However, care
should be taken with the annealing parameters since treatment
at higher temperatures such as 400 °C resulted in strong
shrinkage or collapse of our metal oxide hydroxide
cryoaerogels. Second, by adding the signiﬁcantly smaller
noble metal nanoparticles, voids within the assembled
nanoparticles can be ﬁlled improving the contact between
them, which also results in better stability.
We observed that the ζ-potentials of the nanoparticle species
from solution inﬂuence their distribution within the colloid
and therefore in the subsequent aerogel. It is a well-known
method to stabilize nanoparticles in colloidal solution with a ζpotential of the same charge, creating repulsion forces between
the particles and preventing agglomeration. This repulsion also
takes place when mixing two diﬀerent colloids and prevents
attachments of particles on each other. However, upon freezing
such a colloidal solution consisting of two diﬀerent nano-

particle species with all similar surface charges and
subsequently freeze-drying it, we found a local segregation in
the resulting cryoaerogel, as can be derived from Figure 1A for
the example of a TiO2−Pt cryoaerogel.
In the case of similar ζ-potentials for both compounds, we
found local islands of Pt in the size of several hundred
nanometers for 50 wt % and many TiO2 nanoparticles with no
Pt attached. The TiO2 cryoaerogel with 1 wt % Pt shows less
inhomogeneous distributions, meaning regions of TiO2
nanoparticles with no Pt nanoparticles in the surrounding
area and local areas with a high concentration of Pt
nanoparticles in the size of 50 nm. Since we conﬁrmed by
DLS (see Figures S3−S6) that by simply mixing the two types
of nanoparticles of similar ζ-potentials no agglomeration takes
place, we attribute the compound segregation in case of the
cryoaerogels to the higher mobility of the smaller Pt
nanoparticle being immobilized after the TiO2 nanoparticles.
Instead, if for example via ligand exchange, the ζ-potential of
the employed nanoparticle is changed to opposite charges, we
observe for the same TiO2−Pt nanoparticle mixtures a
homogeneous material distribution in the resulting cryoaerogels (see Figure 1B). The Pt nanoparticles are found to be
attached to the TiO2 nanoparticles in this case, in a very
homogeneous way. We assume the attachment occurs already
in solution, shortly after mixing, due to the opposite surface
charges. However, this assumption is diﬃcult to prove since
light scattering based techniques such as DLS are unsuitable
upon colloid mixtures of such diﬀerent sizes. We investigated
the colloidal solution by transmission electron microscopy
(TEM) immediately after mixing the solutions (see Figure S2)
as well as after cryogelation (Figure 1). The distribution of the
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Figure 2. TEM characterization of TiO2 cryoaerogels with increasing platinum loading ranging from 0 to 100% Pt yield. The surface potential was
positive for TiO2 and negative for Pt nanoparticles ensuring homogeneous distribution. The lower right image shows a SEM image to demonstrate
the morphology in the micrometer size.

homogeneous distribution of the components as discussed
above. Characterization with transmission electron microscopy
shows the distribution of the nanoparticles for all compositions
(see Figure 2). In these cryoaerogels, nearly all Pt nanoparticles were directly attached to the TiO2 surface. The crystal
structures of the as-synthesized mixed Pt-TiO2, Au-TiO2, and
Ag-TiO2 were determined with X-ray diﬀraction and compared
to the starting compound (see SI Figures S9−S11). We
observed no change in the crystal phases throughout the
fabrication.
Spectroscopic characterization of cryoaerogel ﬁlms from
TiO2−Ag (see Figure S7) as well as TiO2−Au (see Figure 3)
systems reveals that the properties of the employed single
components (namely the occurrence of localized surface
plasmon resonances LSPRs) could be transferred to the
macroscopic multi component cryoaerogels. The optical
spectrum of the ﬁnal mixed monolith is signiﬁcantly inﬂuenced

particles was found to be homogeneous at both states of the
synthesis, meaning every TiO2 or hematite nanoparticle has
noble metal nanoparticles as direct neighbors in nearly all cases
(only exception: employment of already agglomerated Ag
nanoparticles in the colloidal solution, see Figure S7, such
cryoaerogels also exhibit a very low surface area see Figure S8).
However, the attachment of the noble metal to the metal oxide
nanoparticles when the TEM sample was prepared from
solution could also be a consequence of the TEM grid
preparation itself, that is, caused by drying eﬀects.
By adjusting the ζ-potential through ligand exchange, we
always achieved the intended (homogeneous or heterogeneous) component distribution, that is, both for the TiO2
noble-metal and for the hematite noble-metal systems. The
homogeneous compound distribution on a larger scale was
proven by energy-dispersive X-ray spectroscopy (EDX)
mappings during scanning electron microscopy (SEM)
imaging (see SI Figure S4).
In a diﬀerent set of experiments, we found that the
composition of cryogelated aerogels can be freely varied by
simply mixing the calculated amounts of colloidal nanoparticle
solution. We prepared TiO2 cryoaerogels with diﬀerent
loadings of Pt, Ag, and Au. For the TiO2−Pt system, besides
0 and 100 wt % Pt nanoparticles, we also selected the ideal
metal loading for water splitting applications of 1 wt % (as
shown by Kaise25) as well as equivalent mass (50 wt %) and
equivalent volume (84 wt %) of the employed nanoparticle
fractions. Between 1% and 50% and even much higher ratios,
every desired composition can be realized. However, since we
did not expect any interesting eﬀect for this composition range,
we chose these three compositions for the present publication
to demonstrate how broadly the composition range can be
chosen by our technique. The ζ-potential was negative for the
Pt and positive for TiO2, which is necessary to obtain a

Figure 3. Normalized absorption spectra of mixed composite
cryogelated aerogel ﬁlms for the systems TiO2−Au with composition
ratios of 0 wt % (pure TiO2 cryoaerogel), 1 wt % Au, and 50 wt % Au.
Black dotted lines show the spectra of the respective particle colloids.
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light that can be absorbed by the photocatalyst decreases, thus
limiting the possible maximum photocatalytic eﬃciency since
any light absorbed by Pt is “lost” for the photocatalytic
reaction.
We measured the average speciﬁc hydrogen evolution to be
5.1 mmol h−1 g−1 for 1 wt % Pt, 3.0 mmol h−1 g−1 for 50 wt %
Pt, and 1.0 mmol h−1 g−1 for 84 wt % Pt and compared to the
data of a nongelated mixed TiO2−Pt colloid (with 1 wt % Pt).
Da Silva et al.13 achieved for a hydrogelated aerogel system
with similar compound compositions 6.9 mmol h−1 g−1 but
with a 400 W Hg lamp. This means, by cryoaerogelation,
comparable hydrogen evolution rates can be achieved to those
of aerogels from conventional gelation routes, yet with a faster
and less complex fabrication method.
The average speciﬁc hydrogen evolution rate was measured
to be 3.1 mmol h−1 g−1 for the colloidal solution with 1 wt %
Pt. We attribute the ability of producing hydrogen within the
colloidal nanoparticle solution to the adsorption of the
oppositely charged particles. It presumably takes place as
soon as the two colloidal solutions are mixed because of the
opposite zeta potential of the Pt (which we measured to be
−50.3 mV ± 1.5 mV @ pH 7) and TiO2 nanoparticles (26.9
mV ± 0.3 mV @ pH 7) as discussed above. The average
performance for hydrogen evolution after cryoaerogelation
(integrated over the illumination time of 240 min) is increased
by around 60% for cryoaerogels in comparison to the
nanoparticle mixture. In addition, the performance over time
becomes more stable compared to the colloidal system. This is
probably due to the immobilization of the particles into stable
small units when roughly dispersing the cryoaerogels in the
reaction mixture (see Discussion above), while the colloidal
solution is only loosely bound through surface charges. The
surface charge, especially from TiO2, can locally change during
the hydrogen formation reaction25 leading to attaching and
detaching of Pt nanoparticles onto and from the TiO2
nanoparticles, which leads to a decrease of the eﬃciency
over time. For the cryoaerogelated system, we also observe
spikes during the measurement. These peaks, which can be
seen in Figure 4, are not caused by any experimental noise;
however, they are signs of real rate changes, which we explain
as follows. We attribute these spikes to the nanoporous
structure of the cryogel. Produced hydrogen can be captured in
these porous structures and is promptly released when
reaching certain volumes. With further experiments, we
determined the total surface of the produced titania noblemetal cryoaerogels to be ranging from 40 to 47 m2 g−1 for 1%
noble metal content and 5 to 7.8 m2 g−1 for 50% noble metal
content. The total pore volume is in the range of 10−2 cm3 g−1
for 1% to around 10−3 cm3 g−1 for 50% noble metal content,
respectively. Here, we can assume a correlation of the total
pore volume and the volume of hydrogen that represents the
spikes in Figure 4, both being in the same magnitude.

by the optical properties of both components. Generally, all
spectra show absorption maxima at 350 nm, which
corresponds to the band gap of TiO2 of a nanoparticular
size. The spectra of the systems of TiO2−Au with 1 and 50 wt
% Au show an extinction maximum around 540 nm. The
bathochromatic shift of the LSPR of 15 nm compared to the
colloidal solution can be explained by the change of the
dielectric function caused by a changed environment (see
Figure 3). The broadening of the maximum is presumably
caused by interplasmon interactions caused by the various
diﬀerent interparticle distances in the assembled superstructure.26−29 In conclusion, the optical spectra of the
mixed cryoaerogel ﬁlms diﬀer signiﬁcantly compared to that
of the pure TiO2 cryoaerogel. This means that the optical
properties of the resulting monolith can be inﬂuenced to a
certain degree by adjusting the ratio of both compounds.
Because of their good surface accessibility in combination
with the ability of facile separation from the reaction mixture,
gels are of interest for solution-based catalysis. In the present
case, the fabricated cryoaerogel monoliths from mixed
components are of potential interest for applications like, for
example, in photocatalytic hydrogen evolution, due to their
exact tunability of the compound ratios. The role of platinum
for the photocatalytic hydrogen production has been studied in
detail before.30 Conduction band electrons photogenerated in
TiO2 are readily transferred to the Pt-islands, thus preventing
the undesired electron/hole recombination. Subsequently, that
is in the catalytic reaction step, these electrons are reacting
with protons at the surface of the Pt particles forming surface
adsorbed hydrogen atoms, which then combine to form the
observed hydrogen gas. In the parallel reaction of the holes, the
sacriﬁcial reagent methanol is oxidized initially to α-hydroxymethyl radicals, which then inject an electron most likely
directly into the Pt deposit to form formaldehyde (currentdoubling eﬀect). Once the sacriﬁcial reagent has been totally
oxidized to CO2, the H2 formation ceases.30
For proof-of-principle, we therefore tested TiO2−Pt systems
with varying Pt amounts of 1, 50, and 84 wt % for their
capability of hydrogen evolution from water under illumination
with a 1000 W xenon lamp under assistance of methanol as
hole scavenger. We choose this reaction since it is well
investigated and enables comparison of the fabricated
cryoaerogels to hydrogelated aerogels.13 First we varied the
amount of Pt in the system TiO2−Pt (see Figure 4). The
highest hydrogen evolution could be observed for systems with
1 wt % Pt as already reported previously.25 This is readily
understood since, as the Pt-content is increased, the amount of

■

CONCLUSION
In summary, fabricating composite aerogels via cryoaerogelation of nanoparticle solutions oﬀers a high degree of control
over the properties of the resulting monoliths. Material
compositions can be freely varied and particle distributions
within the gels adjusted. By this variation also the optical
properties can be inﬂuenced. We found in our experiments that
the ζ-potential, material, and the composition ratio of the
employed nanoparticles are the crucial parameters for tuning
the aerogel properties. This high degree of control can, for

Figure 4. Speciﬁc hydrogen evolution for TiO2 Pt cryoaerogels with
varying Pt content of 1, 50, and 84 wt % and the colloidal solution of
TiO2 with 1 wt % Pt to compare the eﬀect of the cryoaerogelation
with the colloidal solution.
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fold volume of DI water over a centrifuge ﬁlter (Amicon Ultra-15, 10
kDa, Merck Millipore).
Cryoaerogel Synthesis. The cryoaerogels were synthesized
following a modiﬁed synthesis route from Freytag et al.21 To achieve
volume fractions of nanoparticles of 0.1% or higher, we concentrated
the colloidal solution of the single nanoparticles. Noble metal
solutions were concentrated by a factor of 1000, hematite by a factor
of 100, which equals a ﬁnal volume fraction of 0.1 vol % of
nanoparticles. Concentration of the colloidal solutions was achieved
by an ultraﬁltration cell (solvent resistant ﬁltration cell, Merck
Millipore) with a pressure of 5.5 bar ﬁltering over a regenerated
cellulose membrane (10 kDaA, Satorius Stedim) and subsequent
ﬁltration via ultraﬁltration centrifuge ﬁlters (Amicon Ultra-15, 10 kDa,
Merck Millipore) in a centrifuge at 3800 rcf for 10 min. The
concentrated colloidal solutions were mixed according to the intended
and calculated compound composition (0 wt %, 1 wt %, 50 wt %, 84
wt %, 100 wt %) and subsequently added dropwise into liquid
nitrogen to obtain monoliths, or knife bladed on washed FTO glass
substrates and subsequently dipped in liquid nitrogen to obtain
cryoaerogel ﬁlms. After freezing for approximately 5 min, the
monolith and ﬁlm samples were brought into a freeze-dryer (Christ,
Alpha LD 1−2) and kept under vacuum (<0.05 mbar) for 24 h
(monoliths) or 6 h (ﬁlms).
Characterization. UV−vis absorption spectra of mixed TiO2
noble-metal cryoaerogels immobilized on the FTO glass substrate
were recorded using a slide holder and the spectrophotometer Cary
5000 (Agilent Technologies). Scattering free absorption measurements were carried out in the same spectrophotometer equipped with
an integrating sphere (Agilent DRA 2500) measuring the ﬁlms in
center mount position. Scanning electron microscopy (SEM) was
performed using a JEOL JFM 6700F electron microscope operated at
2 kV. The samples were prepared by placing small aerogel pieces onto
an adhesive carbon polymer pad. Energy dispersive X-ray spectroscopy (EDX) measurements were carried out in the same device
operated at 10 kV using a EDX detector (Oxford Instruments INCA
300). Transmission electron microscopy (TEM) was performed by a
FEI Tecnai G2 F20 electron microscope, operated at 200 kV. The
samples were prepared by pressing a carbon ﬁlm coated copper mesh
(mesh width 300 μm, Quanitfoil) gently onto the monolith or ﬁlm.
The particle size was (additionally to TEM imaging) determined
using dynamic light scattering (DLS). For this measurement, a cuvette
was ﬁlled with 3 mL of colloid and directly measured (Zetasizer ZSP,
Malvern Instruments). ζ-Potentials were measured using a disposable
folded capillary cell (DTS 1070, Malvern) within the Zetasizer ZSP.
X-ray diﬀraction (XRD) patterns of the samples were measured using
a Bruker D8 Advance in reﬂection mode. Highly concentrated
samples of pristine metal nanoparticles were drop casted on a single
crystal silicon carrier and were dried under ambient conditions. The
solid samples were ﬁxed with grease on the crystal silicon carrier.
Krypton physisorption was performed at a Autosorb-1 instrument
from Quantachrome operating at 87 K. Prior to physisorption
measurements, the samples were degassed under vacuum at 100 °C
for 24 h. Surface areas were estimated by applying the Brunauer−
Emmett−Teller (BET) equation.
The content of noble metal or metal oxide in the cryoaerogels was
determined within colloidal solution prior to cryoaerogelation (atomic
absorption spectroscopy, AAS) for the noble metals. TiO2 was used as
received and dispersed in the solution. The colloidal stability was
conﬁrmed by DLS measurements to rule out possible sedimentation.
Since all content was associated with the cryoaerogels after gelation, it
can be inferred that the content in the gels was similar. This was
further conﬁrmed in the cryoaerogels by EDX-REM spectroscopy.
Photocatalysis Measurements. For photocatalysis measurements, 25 mg of the respective cryoaerogel monolith with varying
composition (0 wt %, 1 wt %, 50 wt %, 84 wt %, 100 wt %) was
redispersed in 10 vol % aqueous methanol (Roth, 99%) solution
(photocatalyst concentration 0.5 g L−1, initial suspension volume 50
mL, irradiation time 4 h, irradiation intensity I250 − I450 30 mW
cm−2). A continuous double jacket quartz glass reactor attached to a
quadruple mass spectrometer (QMS (Hiden HPR-20)) was used to

example, be exploited to fabricate tailored multicomponent
cryoaerogels for (photo)catalysis. Further applications such as
optical or electronical sensing can be determined. We could
demonstrate with our cryoaerogel comparable hydrogen
evolution rates compared to the best literature values for
conventionally hydrogelated aerogels and show a signiﬁcant
increase of performance and stability compared to that of the
respective colloidal solutions. Since the cryoaerogelation
synthesis is less complex as well as faster in comparison to
previous gelation methods, our results might make the
cryoaerogelation interesting for creating a new generation of
tailored multicomponent photocatalysts, catalysts, and sensors.

■

MATERIALS AND METHODS

Materials. Dihydrogen tetrachloroaureate hexahydrate (99.99%),
dihydrogen tetrachloroplatinate (IV) hexahydrate (99.95%), trisodium citrate (reagent grade), and sodium hydroxide (reagent grade)
were purchased from ABCR. Sodium borohydrate (99.9%) was
purchased from Fluka. Silver nitrate (>99.0%) and iron(III) chloride
hexahydrate (99%) were purchased from Alfa Aesar. 2Dimethylaminoethanethiol (DMAT, >99%), TiO2 nanoparticles
(P25), MnCl2·4H2O, (>99.0%), CoCl2·6H2O (>99.0%), NiCl2·
6H2O (>99.0%), and 37% hydrogen peroxide were purchased from
Sigma-Aldrich. All chemicals were used as received. Deionized water
(DI) was used to dissolve the metal salts as described further.
Nanoparticle Synthesis. Noble metal nanoparticles were
prepared with the modiﬁed citrate reduction method from Enustun
et al.31 In detail, for Au nanoparticles, we used 29 mL of a 0.2 wt
% dihydrogen tetrachloroaureate hexahydrate aqueous solution
stirring in a total volume of 500 mL of deionized water. Then 11.6
mL of a 1 wt % trisodium citrate solution was added, and after 30 s a
subsequent injection of 5.8 mL containing 0.07 wt % sodium
borohydride and 1 wt % trisodium citrate followed. The solution turns
immediately from yellow to red. For Pt nanocrystals, a 1 L ﬂask with
36.2 mL of an aqueous 0.2 wt % dihydrogen tetrachloroplatinate (IV)
hexahydrate solution was added to a total volume of 500 mL of
deionized water. The solution was stirred and heated until boiling.
Then 11.6 mL of a 1 wt % trisodium citrate solution was added and
stirred for 30 s to reach the boiling point again. Subsequently, 5.5 mL
of an ice cold sodium borohydride solution with 0.076 wt % was
added. The solution immediately changed from yellow to brown
color. Ag nanocrystals were prepared similarly using 12 mL of an
aqueous 0.2 wt % silver nitrate solution as noble metal precursor.
When adding sodium borohydride, the solution changed from
colorless to yellow.
Hematite nanoparticles were synthesized following the method
described by Faust et al.32 First, 150 mL of a 0.1 M iron(III) chloride
hexahydrate solution was added dropwise into 600 mL of boiling
water under stirring. The solution turned red immediately and was
boiled under reﬂux for further 5 min. The solution was then dialyzed
(dialyze tubes Medicell International, MWCO 12−14000 Da) for 3
days, with the tubes placed inside the distilled water, and was changed
around 6−8 times.
Metal oxide hydroxide nanoparticles were synthesized following a
modiﬁed synthesis route described by Deng et al.33 by preparing a 1
wt % precursor solution of the corresponding metal(II) chlorides
(MnCl2·4H2O; CoCl2·6H2O; NiCl2·6H2O). To 10 mL of the
precursor solution, 12 mL of a 1 wt % trisodium citrate solution was
added and heated to 50 °C until the solution became colored
(formation of metal complexes). From this solution, the metal oxide
hydroxide nanoparticles were precipitated using a calculated volume
(47 μL for the MnCl2 solution and 167 μL for the CoCl2 and NiCl2
solution) of a mixture of 1 g of sodium hydroxide carefully dissolved
in 5 mL of 37% hydrogen peroxide.
Ligand exchanges were performed by adding 0.33 mmol DMAT
per mL of a 0.011 M Pt nanoparticle solution and letting the solution
stir for 4 h at 40 °C. The solution was washed three times with a 106128
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carry out the photocatalytic test reactions. Argon (Ar) was used as a
carrier gas with a constant ﬂow rate of 10 mL/min. To maintain the
temperature of photocatalytic reaction, a thermostat was used at 20
°C. For the removal of dissolved molecular oxygen, Ar was purged
into the suspension for 30 min. Later on, the reactor was closed and
ﬂow of Ar gas was continued for 60 min until no traces of any other
gas could be detected by QMS. Once the stabilization of the system
was achieved, the lamp was switched on and illumination continued
for 4 h. An Osram XBO 1000 W Xenon Arc Lamp in Müller LAX
1000 lamp housing was used as a light source. A sudden increase in
the production rate for molecular hydrogen was detected immediately
after the start of illumination. After 4 h of illumination, as the lamp
was switched oﬀ, and a decrease in the production rate for molecular
hydrogen was observed. The advantage of using this system is that the
time course for the reaction products can be monitored during the
photocatalytic experiments. The details of QMS setup are described
by Kandiel et al.30
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