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ABSTRACT: Different techniques that enable the selective microstructure design of
aerogels without the use of additives are presented. For this, aerogels were prepared from
platinum nanoparticle solutions using the cryoaerogelation method, and respective impacts of
different freezing times, freezing media, and freezing temperatures were investigated with
electron microscopy as well as inductively coupled plasma optical emission spectroscopy. The
use of lower freezing temperatures, freezing media with higher heat conductivities, and longer
freezing periods led to extremely different network structures with enhanced stability. In
detail, materials were created in the shape of lamellar, cellular, and dendritic networks. So far,
without changing the building blocks, it was not possible to create the selective morphologies
of resulting aerogels in cryoaerogelation. Now, these additive-free approaches enable targeted
structuring and will open up new opportunities in the future cryoaerogel design.

1. INTRODUCTION

Because of their unique physical properties such as high
specific surface areas and open-pore structures, aerogels are
highly investigated. Recently, those materials gained high
interest in applications such as in catalyzed syntheses " as well
as in electrocatalytic’™® and photocatalytic reactions.”’
Furthermore, a variety of sensing applications were
reported.”™'" Owing to the good accessibility of the surface,
thin films or coatings from these materials experience an
increasing interest."'™*> In most cases, the aerogel coating is
prepared by dropcasting and drying a slurry consisting of an
aerogel material, solvents, and a binding substance like
Nafion."*™"” Because of mixing the slurry, however, the
monolithic network is broken into smaller segments. In the
resulting coating, these parts are later covered and connected
using the binder. Thus, compared to pure and monolithic
coatings, this procedure leads to a partial loss of the structure,
hierarchical pore system, and accessible surface area.

A potential way to avoid this is offered by freeze-casting or
ice-templating techniques, which can create monolithic and
porous materials directly on the substrate. In general, freeze-
casting processes use slurries from ceramic particles with
additional additives such as polymeric binders and dispersants.
This mixture is directionally frozen so that ice crystals nucleate
and grow along the temperature gradient. Suspended ceramic
particles are redistributed by segregation from the freezing
front, and they assemble in the space between the crystals.
After complete solidification, the templated ceramic is freeze-
dried to sublime the ice template and leave a scaffold. Finally,
this structure is sintered to consolidate particulate walls and
provide stability to the porous material.'*~>°

A similar method for polymeric materials is the so-called
cryogelation, which was implemented in the 1970s.*!
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Following a controlled freeze/thaw cycle, in the cryogelation
process, the temperature is decreased below the precursor
solution freezing point. A large proportion of the solvent is
crystallized, and monomers are concentrated in the liquid
phase between the crystals. As time progresses, the gelation of
monomers to the cross-linked polymer networks occurs. After
thawing, spongelike, macroporous, and polymeric hydrogel
structures are remaining, which are commonly called
cryogels.””*® These types of materials are investigated for
use in the fields of tissue engineering and a variety of biorelated
applications.”

While freeze-casting and cryogelation techniques were
limited to ceramic or polymeric materials, our workgroup
recently developed a versatile strategy to create comparable
structures from a variety of nanocrystal materials.”> Because
there is no chemical selectivity, both the ingredients as well as
composition ratios are freely variable. This method results
from a combination of ice-templating and gelation of colloidal
nanoparticle solutions.

In the standard procedure of the so-called cryoaerogelation,
a colloidal nanocrystal suspension is flash-frozen by means of
liquid nitrogen. Because we inject or dip the sample directly
into the freezing media, a basically nondirectional freezing
process takes place. This ensures a uniform and sudden
crystallization of the solvent within the colloidal solution. As a
result, small ice crystallites are formed, which exclude the
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nanoparticles during growth and push them into the space
between. By that, an interconnected network of nanoparticles
is established in the interstices of the ice template. Once
solidified, the frozen ice template is removed by lyophilization
in order to circumvent capillary forces. In contrast to other
gelation methods, prior formation of a wet gel is skipped. A
scheme of this procedure is displayed in Figure 1. So far,
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Figure 1. Schematic representation of cryoaerogelation procedures.

with boiling points above the substrate temperature (room
temperature) show very different results than liquid nitrogen as
the freezing medium from the standard technique. We also
found an improvement in the quality of the resulting material
when adjusting the duration of the freezing step before
lyophilization. By changing each of these parameters, we
reached a larger controlled structural diversity of the resulting
cryoaerogels with improved stability when compared to the
results from the previous standard procedure. This unexpected
versatility for tuning highly porous and continuous coatings
combined with the additive-free preparation technique offers
promising approaches for the future aerogel design.

2. RESULTS AND DISCUSSION

2.1. Effect of Different Freezing Media. In the standard
procedure of cryoaerogelation, the nanoparticle solution is
applied and spread on the substrate. Afterward, the samples are
flash-frozen by means of liquid nitrogen at its boiling point (77
K). Because the sample temperature (room temperature) is far
above, nitrogen evaporates and forms a bubble wrap around
the sample when getting into contact (Leidenfrost effect). The
heat conductivity of this gaseous nitrogen shell is much lower
than that of liquid nitrogen so that the bubble wrap effect leads
to a decrease in the sample freezing speed. To avoid this delay
in the freezing process and, on the contrary, increase the
freezing speed, we replaced liquid nitrogen with different
freezing media. To also avoid mixing with the aqueous
solution, we chose nonpolar organic media, such as toluene, n-
hexane, n-pentane, or isopentane and cooled them with liquid
nitrogen to their respective melting points, which are stated in
Table 1. Afterward, in each separate medium, the coatings of

general requirements are that particles have to be in the
aqueous solution and that their concentration must exceed a
critical value (at least 0.1 vol %) in order to completely fill the
network forming in the frozen state and hence provide
sufficient mechanical stability upon ice removal. However, if
this is the case, the shape of the resultin§ cryoaerogel
resembles the shape of the frozen colloid.”>™*" Because of
this fact, it is possible to create macroscopic shapes by the use
of molds. Furthermore, we are able to produce thin films of
resulting cryoaerogels by distributing the nanoparticle solution
on substrates before freezing. It is to be noted that with this
method, coatings are prepared without any binding additive,
and the resulting films present a continuous network of
nanoparticles that are in direct contact. In this way, the
accessible surface is maximized compared to the conventional
coatings from aerogels prepared by drop-casting a slurry of
respective gels and a binding agent.

So far, successful applications of materials created using this
technique has been shown by our workgroup in photo-
electrochemical sensing with semiconductor-based cryoaerogel
coatings.”® Nevertheless, the poor stability of such aerogel
coatings due to the destruction of their textural properties in
wet applications is a well-known problem.*’

Based on these problems and motivated by the high
application potential of cryoaerogels, in the present work, we
created cryoaerogel coatings from highly concentrated
platinum nanoparticles (size: 3—5 nm) in an aqueous solution.
For the first time, we varied the freezing speed by changing the
freezing medium or setting different freezing temperatures and
found significant impact on the resulting material network
structure and their related stability. Especially, freezing media
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Table 1. Temperatures of Freezing Media

toluene

178 K

n-hexane

179 K

nitrogen

77 K

n-pentane

142 K

isopentane

113 K

platinum nanoparticle solutions were flash-frozen and imme-
diately freeze-dried. The resulting morphologies were inves-
tigated with scanning electron microscopy (SEM) and
displayed in Figure 2.

The gel network structure differs significantly for different
freezing media: in liquid nitrogen (Figure 2a-b), the bubble
wrap of N, vapor seemingly leads to a lower freezing speed
(despite the by far lowest temperature of all freezing media)
and thus to a more noticeable directed freezing. Matching with
the literature, this results in long-range ordered, lamellar ice
templates.’®~*> The finally obtained aerogel network achieves
an aligned and lamellar shape. However, when using freezing
media like n-hexane or toluene that ensure higher heat
conductivities (Figure 2c—f), the received aerogel networks are
less aligned. The increase in the freezing speed leads to a faster
nucleation of smaller ice crystals and more cell-like growth
with random- or short-range ordered structures. These results
are supported by Lottermoser,”> who first discovered the
growth of cellular templated ice.

Using freezing media, such as n-pentane and isopentane, at
even lower temperatures causes an even faster nucleation of
even smaller ice crystallites. Crystallization thus develops from
cell growth to dendrite-like growth, which can be recognized in
the finally obtained aerogel network (Figure 2g—j). On the one
hand, nanoparticles are connected to already known sheet
structures that now form cell-like networks. On the other hand,
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Figure 2. SEM images of platinum cryoaerogel coatings freeze-dried after flash-freezing in different media at their respective melting temperature:
(a-b) liquid nitrogen (at 77 K), (c-d) n-hexane, (e-f) toluene, (g-h) n-pentane, and (i-j) isopentane.

the cells are further interconnected by dendrite-like gel Makkonen, who reported dendritic-grown ice as a result of
networks. This can be supported by discoveries from uniform heat flux.**
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Figure 3. SEM (a-b) and TEM (c-d) images of a platinum nanoparticle coating freeze-dried after freezing inside a freezer at 253 K (in an air

atmosphere).
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Figure 4. Influence of different freezing rates on the crystallization process of ice.

In contrast to the different network structures that can be
seen in the SEM images (Figure 2), the nano- and crystal
structures of the underlying aerogel segments and the
nanoparticle building blocks seem to be the same in case of
every freezing medium and consist of sheetlike structures of
directly connected nanoparticles. In this context, Figure S3
presents the results from the transmission electron microscopy
(TEM) measurements, and Figure S4 presents the results from
the high-resolution TEM (HRTEM) measurements for the
corresponding samples from Figure 2.

Freezing much faster would lead to amorphous ice (glassy
water)*® with completely entrapped but nongelated particles.”®
On the other hand, we performed very slow freezing in a cool
air atmosphere at 253 K. Figure 3 displays the corresponding
SEM and TEM images for the resulting coating material. With
a slow freezing rate, only a few ice crystallites are formed,
which grow to a bigger and planar ice front. Nanoparticles are
excluded and pushed in front of the ice layer. Because of the
(almost complete) absence of inner grain boundaries within
the ice, the particles are expected to not experience the
pressure pushing them closely together that occurs between
growing ice crystallites (such as in the standard cryoaer-
ogelation). In the end, this results in a uniform layer of poorly
connected nanoparticles on top of the ice front. After freeze-
drying, these materials can be distinguished by high fragility
(because of the poor particle connection) and poor porosity,
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which is presumably a result of cracks during the drying
process.

Figure 4 sums up the explained influence of the different
freezing rates on the crystallization process and the formation
of the resulting cryoaerogel network.

2.2. Influence of Freezing Temperatures. Apart from
varying the medium, we also tuned the freezing speed by
different cooling temperatures using the same freezing
medium. In this regard, we prepared platinum cryoaerogel
coatings by freezing in isopentane, which we cooled to 263,
223, 173, and 113 K The resulting morphologies were
investigated with SEM and are presented in Figure S.

Decreasing the temperatures of the cooling medium lead to
faster freezing of samples and a lower degree of orientation
within the ice template.”” As already discussed, slower freezing
(at higher temperatures) results in aligned and lamellar shapes
(Figure Sa-b). With faster freezing, on the other hand, more
and smaller ice crystallites are formed. This results in smaller
sheets (Figure Sc-d). Even faster freezing leads to the cellular
growth of the ice template and further interconnection of the
cryoaerogel sheets (Figure Se-f). Finally, at the lowest used
cooling temperature, there is additional dendrite growth, which
leads to further interconnected sheets within the cryoaerogel
network (Figure Sg-h).

These effects can not only be seen in cryoaerogel coatings
but also in similarly frozen self-supported (that is substrate-
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Figure 5. SEM images of platinum cryoaerogel coatings freeze-dried
after flash-freezing in isopentane at different temperatures: (a-b) 263
K, (c-d) 223 K, (ef) 173 K, and (g-h) 113 K.

free), monolithic networks. Figure 6 comparably displays the
SEM images of self-supporting cryoaerogels prepared under
the same conditions and with the same freezing temperatures
as the cryoaerogel coatings shown in Figure S. Like for those
samples, here, we observed smaller sheet sizes in the network
with lower freezing temperatures too.

It is further notable that the average aspect ratio of the
sheets forming the gels increases with lower temperatures. The
average sizes that were measured from the SEM images with
the software Image] are presented in Table 2.

In addition to smaller sheet sizes, from the SEM images, an
increasing stability of the gel material is suspected with lower
cooling temperatures: while slow freezing at 263 K causes
entirely collapsed networks after freeze-drying (Figure 6a-b),
faster freezing with 223 K (Figure 6¢-d) and 173 K (Figure Ge-
f) results in less-collapsed monoliths. Freezing at 113 K
(Figure 6g-h) completely preserves the cryoaerogel network.
Comparable to Figure S, this gain in stability may be caused by
progressive interconnection within the gel network, when
frozen faster. It needs to be mentioned that the general stability
of noble-metal aerogels is quite poor, which is attributed to the
filigree, open porous network. This also prevents the possibility
to perform conventional tests for mechanical stability, which
lead to the destruction of the material immediately. Never-
theless, even if the stability is still not sufficient, with the
special view of the SEM images shown in Figure 6, the poor
stability of metal cryoaerogels is suspected to be improved with
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higher freezing rates because the preservation of the
monolithic network is improved.

2.3. Improvements by Longer Freezing Periods. In
addition to the freezing medium and temperature, we also
examined the effect of different freezing times. For this, again, a
concentrated platinum nanoparticle solution was applied and
spread on substrates using the doctor blade method. Afterward,
comparable to the standard procedure, the samples were flash-
frozen with liquid nitrogen, but this time, we stored the
samples in the frozen state (at 77 K) for different periods of
time before freeze-drying. The freezing time ranged from 10
min (which is the standard procedure) up to 72 h. The
morphology of cryoaerogel coatings thus obtained were
investigated by SEM. Figure 7 compares the resulting images
for a selection of different freezing periods. Further images can
be seen in Figure S9.

As already mentioned, when dipping a substrate coated with
the nanoparticle solution in liquid nitrogen, because of its low
boiling point, nitrogen evaporates and forms a bubble wrap
around the sample. The resulting low heat conductivity in
combination with the fact that the bottom of the substrate
comes into contact with the freezing medium first leads to a
temperature gradient from the bottom to the top of the
sample. In this way, the lamellar freezing of ice crystals
perpendicular to the substrate surface takes place.”® Because
the nanoparticles are pushed into the crystal boundaries during
this step, the final cryoaerogel consists of sheetlike-shaped
networks standing upright on the substrate. With a prolonged
freezing duration, over the first hours, a continuous improve-
ment in the network structure was observed regarding covering
and homogeneity. Maximum improvement was achieved after
24 h in the frozen state. Longer freezing periods caused no
further improvement but showed the same (highest) quality.
In the case of freeze-casting, it has already been shown that
short freezing gives particles insufficient time to rearrange and
causes poor particle packing.’”** Therefore, we suppose that
prolonged time within the ice template leads to the progressive
rearrangement and gelation of the particles. Also, the
attachment to the substrate surface is improved. In case of
shorter durations (less than 24 h), these connections are
partially incomplete or not strong enough; hence, no
sufficiently stable network is left after ice template removal.
For this reason, the resulting aerogel sheets partially collapse
and/or detach from the substrate during or after lyophilization.

To quantify the improvement by longer freezing periods, we
determined the remaining platinum amount within the coating
via inductively coupled plasma optical emission spectroscopy
(ICP-OES) after freezing for different times and subsequent
freeze-drying. The results are shown in Figure 8.

For all the samples, the same amount of platinum (~0.35
mg) was used during preparation. However, we observed that
the proportion of the platinum aerogel finally remaining on the
substrate differed for different times of storage in the frozen
state beforehand. In detail, direct lyophilization led to the least
amount of aerogel, whereas the amount was increasing with
longer freezing periods. In line with the results from SEM, the
maximum was found after about 24 h. From this point, nearly
all the initially applied platinum (97—99%) stayed on the
substrate and was detected via ICP-OES. Longer periods
approximately maintained this quality but led to no further
improvement.

These results further indicate a relatively poor stability for
cryoaerogels from the standard procedure. Without sufficient
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Figure 6. SEM images of substrate-free, self-supporting platinum cryoaerogels freeze-dried after flash-freezing in isopentane at different
temperatures: (a-b) 263 K, (c-d) 223 K, (e-f) 173 K, and (g-h) 113 K.

Table 2. Average Sheet Sizes of Substrate-Free, Self-
Supporting Cryoaerogels Freeze-Dried after Flash-Freezing
in Isopentane at Different Temperatures

temperature 263 K 223 K 173 K 113 K
width [pm] 14.6 + 2.0 87 £ 09 54 +£07 1.9 + 0.6
length [pm] 33.1 + 49 29.1 + 1.4 20.6 + 1.7 18.3 + 3.0

time before freeze-drying, the connections within the aerogel
network are imperfect; hence, an early freeze-drying leads to a
partial collapse and detachment from the substrate (e.g,
because of air circulation). Longer freezing periods lead to
progressive linkage between the particles, and by that, the
cryoaerogel stability is optimized after about 24 h.
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It is worth mentioning that the general stability of noble-
metal aerogels is quite poor, which is attributed to the filigree,
open porous network. According to that, conventional tests for
mechanical stability lead to the destruction of the material
immediately. Nevertheless, with regard to the potential
applications, we tested the stability of platinum cryoaerogel
coatings in a wet chemical environment and found similar
improvements of stability by longer freezing periods (see
Figure S13).

Over and above that, as long as samples are kept in the
frozen state (below 273 K), the aforementioned improvement
of the coating quality is independent of the storage
temperature after flash-freezing, and it was also evident when
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Figure 7. SEM images of platinum cryoaerogel coatings frozen with liquid nitrogen and freeze-dried after different times in the frozen state: (a) 10

min, (b) 3 h, (c) 24 h, and (d) 72 h.
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Figure 8. Platinum amounts of cryoaerogel coatings frozen and kept
in liquid nitrogen for different times before freeze-drying. Determined
with ICP-OES and related to the initially applied amount.

the samples were stored at other temperatures (see the results
for storing at 253 K in Figures S11-S13).

3. CONCLUSIONS

We investigated the impact of different freezing media,
temperatures, and freezing periods on the resulting morphol-
ogy during the preparation of cryoaerogel materials. In
comparison to the known standard procedure,” we showed
that faster freezing causes very different network structures
with improved stability in cryoaerogels. The obtained
morphology resembles the structure of the voids between the
built ice crystals. This, however, changes drastically with higher
freezing rates, which are increased by lower freezing temper-
atures on the one hand and by cooling media with higher heat
conductivities on the other hand (in that case, even at
temperatures which are way above those of the standard
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procedure). Apart from this, we also showed that prolonged
freezing (up to 24 h) of the colloid before freeze-drying
increases the cryoaerogel quality.

In summary, we can create a variety of different
morphologies from cryoaerogels and can further tune the
network structure for targeted designs by simply adjusting the
freezing period, medium, and temperature. Because of the
additive-free preparation and the versatile structures, the
accessible surface area of the metal aerogel coatings can be
specifically adjusted in future studies. Already, the large
diversity of network structures accessible combined with
greatly enhanced stability shows that the cryoaerogelation of
presynthesized aqueous colloidal nanoparticle suspensions is a
much more versatile and promising approach for the
fabrication of highly porous coatings and monoliths than
previously suspected, especially when the freezing conditions
are adopted properly.

4. EXPERIMENTAL SECTION/METHODS

The solutions of platinum nanogarticles were synthesized following
the previously reported method.”® We used 36.2 mL of a 0.2 wt %
dihydrogen hexachloroplatinate(IV) hexahydrate solution (Alfa
Aesar) and filled it with distilled water (18 M cm) to a total
volume of 500 mL. Under continuous stirring, this solution was boiled
for 1 min at 100 °C, before 11.6 mL of a 1 wt % trisodium citrate
solution was added. Thirty seconds later, 5.5 mL of 0.076 wt % ice-
cold sodium borohydride solution was injected, whereupon the color
of the solution turned from yellow to dark brown. The reaction is
completed within a minute, and the resulting colloid can be stored
under ambient conditions.

4.1. Concentration of Nanoparticle Solutions. The volume of
nanoparticle solutions was reduced from 500 to 50 mL using a
solvent-resistant ultrafiltration cell (Merck Millipore), a 10 kDa
polyethersulfon membrane (Sartorius Stedim), and a pressure of S
bar. Afterward, the remaining solutions were filled into the centrifuge
tubes with an inbuilt filter (Amicon Ultra-15, 10 k Da, Merck
Millipore). At 4000 rcf for S to 8 min, the solutions were reduced
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stepwise to a volume of 0.25 mL. Finally, the solutions were washed
three times. For this, the solutions were mixed with S mL of distilled
water and reduced to 0.25 mL again using a centrifuge filter.

4.2, Preparation of Substrates. For our substrates, we cut ITO-
coated glass to pieces of dimensions 1.5 X 1.0 cm and modified their
surface with (3-aminopropyl)triethoxysilane (APTMS). For this, we
activated the surface of the glass substrates in the first step by
immersing them in a mixture of 40 mL of distilled water, 8 mL of
hydrogen peroxide (30%, Sigma Aldrich), and 8 mL of ammonium
hydroxide solution (25 wt %, Sigma Aldrich). Under continuous
stirring, the solution was heated to 50 °C for 30 min. Afterward, the
activated glass substrates were rinsed with distilled water and
isopropanol (Merck) and dried with compressed air. In a second
step, the activated glass substrates were modified with APTMS. They
were immersed in a solution of 0.15 mL of APTMS (Acros) in 60 mL
of toluene (Sigma Aldrich) and heated to 70 °C for 2 h under
continuous stirring. Afterward, the modified substrates were rinsed
with toluene and dried with compressed air.

4.3. Cryoaerogelation. To prepare the cryoaerogel coatings,
defined square-shaped areas (0.5 X 0.5 cm) were masked on the
modified glass substrates using a scotch tape. Afterward, a total
amount of 1 uL of the concentrated nanoparticle solution was applied
to the substrate and distributed uniformly on the area to be coated.
The samples were then flash-frozen by dipping in the respective
freezing medium (that was cooled to the respective temperature with
liquid nitrogen) for 10 min to 72 h. Subsequently, the samples were
freeze-dried in a lyophilizer (Christ Alpha 1—2 LD+) at 0.04 mbar for
18 h. To prepare self-supporting, monolithic cryoaerogels, a total
amount of 50 yL of the concentrated nanoparticle solution was flash-
frozen by injecting it directly into a vial with the cooling medium for
10 min before freeze-drying. All the received cryoaerogels were stored
under ambient conditions.

4.4. SEM. For SEM, a JEOL JEM 6700F electron microscope was
operated at 2 kV. Self-supported, monolithic cryoaerogels were placed
onto adhesive carbon polymer pads. Substrates with cryoaerogel
coatings were placed onto the adhesive carbon polymer pads and
glued with silver lacquer.

4.5. TEM. TEM was performed with a FEI Tecnai G2 F20 electron
microscope operated at 200 kV. Samples were prepared by carefully
touching cryoaerogels with a TEM grid (copper mesh covered with a
carbon film, Quantifoil).

4.6. ICP-OES. For analyzing the platinum amount, each sample
was dissolved in 2 mL of aqua regia, which was prepared by mixing
hydrochloric acid (37%, Fluka) and nitric acid (65%, Sigma Aldrich)
in a ratio of 3:1. After 1 d, the solutions were filled with nitric acid
(4%) to a volume of 25 mL and measured with a 5110 ICP-OES from
Agilent Technologies. For calibration, solutions with defined
concentrations (0, 0.5, 1.25, 2.5, 5, and 10 mg L™") were produced
by the use of the platinum standard solution (Fluka). Each sample
was measured at three different wavelengths (203.646, 214.424, and
217468 nm), and each measurement was reproduced with three
samples.
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