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Cryogels have morphological features that make them interest-
ing for several applications such as catalysis, sensing or tissue
engineering. Their interconnected network and open porous
structure, build up by primary particles (such as inorganic
nanocrystals or polymers), provide these materials with unique
physical properties and high specific surface areas. While the
library of cryogels is endless, widely used in the polymer
chemistry field, in this review we will summarize the structure
and properties, applications and challenges of inorganic nano-
crystal-based cryogels obtained by freezing and freeze-drying

1. Introduction

The assembly of inorganic nanocrystal has attracted consid-
erable attention in the last decades."™® Although this assembly
can give rise to ordered structures,”® such as superlattices or
mesocrystals, nonordered assemblies are receiving increased
attention, and one of the most prominent and emergent
examples of that are the inorganic nanocrystal-based gels. This
special structuring of the matter gives rise to macroscopic
materials with high specific surface areas and low densities that
can retain the individual properties of the nanocrystals or
showcase structure-dependent features arising from the inter-
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an aqueous nanoparticle colloid. This fast, easy and versatile
gelation method will be outlined, along with the corresponding
macro-, micro- and nano-structures and gel morphologies that
can be obtained, for example, by changing the freezing
temperature or by using one nanoparticle system or nano-
particle mixtures. Their applications towards electrocatalysis,
photocatalysis and photoelectrochemical sensing will be high-
lighted, as well as the challenges and prospects of these
materials.

actions between the building blocks in the network and their
spatial distribution.”

First of all, it is important to define what is a gel in general
terms and what different kind of gels can be made. The
International Union of Pure and Applied Chemistry (IUPAC)
defines a gel as “non-fluid colloidal network or polymer network
that is expanded throughout its whole volume by a fluid”.” In
addition to that, in the document it is specified that a gel can
contain i) a polymer network formed through different
processes: covalent polymer network by crosslinking polymer
chains, physical aggregation of polymer chains, polymer net-
work formed by glassy junction point ..., ii) lamellar structures
(e.g. soap gels, clays ...) and/or iii) particulate disordered
structures. Therefore, a gel consists on interconnected polymers
or nanocrystals and a dispersed phase. This definition brings a
starting point to join all the gel community under the same
umbrella, which is a challenging task: the gel community is very
broad and diverse due to the possibility of making gels out of
virtually any kind of material.

Different terminologies are frequently used depending on
the dispersed phase and on the applied drying technique. In
general, when the interconnected network is embedded in a
liquid, they are referred to as lyogels or solvogels. In particular,
when the dispersed phase is water, they are frequently called
hydrogels or aquagels, and the term alcogels is used when the
dispersed phase is an alcohol or a mixture of them. As well,
terms as lipogels and oleogels can be found in the literature,
being gels where the dispersed phase is a nonpolar organic
solvent. Finally, when the dispersed phase is air, they are known
as aerogels.

Aerogels can be obtained by different drying techniques
such as supercritical drying, freeze-drying, microwave drying, or
vacuum drying of hydrogels."” The main challenge is to replace
the solvent from the pores of the network with air preventing
the collapse of the structure and for that, it is necessary to
circumvent the capillary forces and high surface tensions in the
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liquid-gas interface. The first aerogel, which was a silica aerogel,
was fabricated by Kistler in 1931"" as a bet of whether it was
possible to replace all the liquid of a jelly by air without
changing the overall volume. Kistler proposed a brilliant
method, which is still widely used nowadays with some
modifications, known as supercritical drying (SCD). By using an
autoclave and increasing the pressure and the temperature
above the critical temperature of the solvent of the gel, a
supercritical fluid is obtained, which is afterwards allowed to
escape slowly by decreasing the pressure at constant temper-
ature, leaving the internal network of the gel intact. Despite
their unique properties and potential, aerogel research was left
aside during several decades after its discovery due to the
complicated, expensive and hazardous fabrication method. In
1985, a novel, cheaper and less dangerous technique was
proposed to supercritically dry gels by substituting the solvent
within the gel with liquid CO,, which allowed to reduce the
temperature from more than 270°C to less than 40°C, as well as
the pressure and the drying time.'”? The aerogels obtained by
supercritical drying are referred directly as aerogels. If the
drying of the solvent is done by simple evaporation and under
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ambient conditions, the resulting gel is called Xerogel. In this
case, the capillary forces in the interface of the solvent and the
network cause a significant shrinkage of the structure, which
could be reduced by using a solvent with a lower surface
tension.

Apart from supercritical drying, the second most extended
drying technique is called freeze-drying or lyophilization, which
consists first on the freezing of the solvent (normally water)
followed by the sublimation of the ice crystals, giving place to
what is known as cryoaerogels.

In general, a cryogel is a type of gel which is fabricated at
sub-zero temperatures"*'®, Basically, cryogels can be under-
stood as hydrogels in which the polymerization or the gelation
happens at temperatures below zero, giving place to highly
porous interconnected networks. When the ice crystals are
removed from the network by sublimation by means of a
freeze-dryer, the resulting structure is called cryoaerogel (the
pores are now filled with air)."® If the cryogel is then presented
in its wet form, it should be referred to as cryohydrogel.

The cryogelation technique was developed in 1970"” and it
has been widely used with polymeric materials, such as acrylate,
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alginate, chitosan, and cellulose®2%, among others. It is a very
versatile, easy, inexpensive and fast technique, and that is the
reason why it has flourished as a perfect route to produce
inorganic nanoparticle-based cryogels. To draw one example,
for applications in the field of electro- or photocatalysis, it is
possible to easily fabricate noble metal nanoparticle-based
cryogels in the form of thin films with high specific surface
areas and an open porous structure (catalysts), regardless of the
size, shape or surface functionalization of the building blocks.
Moreover, their performance is better than for the non
cryogelated counterpart (the colloidal solution).?"

In this review we will focus on the fabrication, structure,
properties and applications of nanocrystal-based cryogels
(either cryoaerogels or cryohydrogels), mainly fabricated di-
rectly from the aqueous nanoparticle solution and we will
highlight the current challenges and prospects of this materials.

2. Fabrication and Macro-Structuring

This versatile technique is based on the freezing and subse-
quent solvent crystal evaporation of a gelling solution, which
can be polymeric precursors,”” a mixture of polymer/nano-
particles dispersed in an aqueous solvent,”**¥ a nanoparticle
colloid, or a preformed hydrogel.”>*® The principle of cryogela-
tion is based on the occurrence of a heterophase system at low
temperatures, which consists of a solid phase (the ice crystals of
the solvent) and another unfrozen liquid microphase (in
between the ice crystals) that contains the gelling solutes
(Figure 1a).l' The gelation step can only occur in this liquid
microphase. In this context, gelation means crosslinking of the
solvent precursors, which can happen by either a covalent
linkage (chemically linked cryogel) or noncovalent linkage
(physically linked cryogel).

The first studies on cryogels focused on the fabrication of
polymer-based gels. The fabrication involves mainly the follow-
ing steps: 1) phase separation (which happens upon formation
of the ice crystals), 2) cross linking of the monomers, 3)
polymerization and 4) thawing or freeze drying to get the
highly porous interconnected network structure as a
(cryo)hydrogel or a (cryo)aerogel, respectively.”” Fabrication of
polymer based gels via cryogelation has several advantages
including the simplicity of the preparation steps and the
suitability for various biological applications due to the useof
aqueous solvents.”™ As the ice crystals solid-phase act as the
template for shaping the cryogel microstructure, it is possible
to tune the porosity of the structure by changing the freezing
temperature and/or the type of the aqueous solvent. In
polymer-based cryogels, it is also possible to control the
elasticity of the cryogel material, for example, by changing the
polymer concentration and the ratio of the cross-linker. This
allows to engineer liver tissue models that mimics different
physiological states of the liver.” Other possible applications of
biocompatible polymer-based cryogels in tissue engineering
and tissue regeneration have been previously illustrated in
many reports.2=%
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Figure 1. a) Schematic illustration of the polymerization process during

[88]

cryogelation.® Adapted with permission.®® Copyright © 2002 Elsevier
Science B.V. All rights reserved. b) Different geometric shapes of polymer
based cryogels, they can be fabricated either in the form of sheet, discs,
blocks, beads,® columns,®® membrane,””" or any other miscellaneous
shapes using plastic Kaldnes as carriers.*? Adapted with permission®.
Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Adapted
with permission.®” Copyright © 2002 Published by Elsevier B.V. Adapted
with permission.”" Copyright © 2012 Elsevier B.V. All rights reserved. Adpted
with permission.®” Copyright © 2008, American Chemical Society.

Several years later, fabrication of polymer based cryogels
was extended to involve the addition of inorganic nanocrystals.
Several works on cryogels obtained from mixing polymeric
matrices with various types of nanoparticles have been
reported including Agllz3,24,34-47] Au’[4s—54] Pd,[55'56] Pt,[ss,ss] Co’[57—63]
Ni’[59764] Cu,[60762,64,65] Fe304' [66-71] Znol[72,73] Si02’[74] Alo3’[75] SnOZl[76]
On one hand, the presence of the polymer matrix gives the
cryogel material some features including: elastic texture, high
water retention capacity and biocompatibility."®”” On the other
hand, incorporation of inorganic nanoparticles adds other
physical and chemical properties to the cryogel structure and
allows the preparation of thermo-responsive, fluorescent,
conductive and magnetic cryogels, for example.”®#"

Polymer based cryogels can be fabricated in many shapes
like sheets, discs, monoliths, columns, beads and membranes
(Figure 1b), which makes it easy to adapt cryogels in different
applications from the fabrication point of view. The work on
polymer based cryogels is vast and many reviews have
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summarized the previous studies and their possible
applications.'®*>%7782 A|| of these studies paved the way to the
works in 2014 and 2016 of cryogels from inorganic nanocrystals
in aqueous solutions, which is the main focus of this review.#

The cryogelation by freezing and freeze-drying directly of
an aqueous nanocrystal solution is thoroughly investigated by
our group®® obtaining self-supported porous networks from
different nanoparticle systems, i.e. Au, Ag, Pd, Pt, hematite
Fe,0;, and CdSe/CdS rods, with densities ranging from 20-
60 mg/cm? (around 0.2% of the density of the bulk materials).
Among the advantages there are the fast and easy preparation
method, without chemical selectivity, no need of previous
hydrogelation and it can be used for any nanoparticle system
as long as it is in water and with a nanoparticle concentration
(nanoparticle volume fraction) of at least 0.1%, otherwise the
structure collapses and shrinks.

For the cryoaerogelation, the colloidal nanocrystal is flash-
frozen into the freezing media, occurring a sudden and uniform
crystallization. The ice crystallites act as a template, pushing the
nanoparticles together in the space between them while they
grow, resulting in an interconnected macroporous nanoparticle
network. After that, the ice crystals are removed by sublimation
to avoid capillary forces and therefore to prevent the collapse
of the structure. This process is also known as lyophilization or
freeze-drying.

Nevertheless, other cryogelation methods of inorganic
nanoparticle colloids have been investigated as well. For
example, noble metal aqueous colloids of Au, Ag, Pt and Pd
NPs were previously gelated using relatively high salt concen-
trations (~10% mM) followed by freeze drying, obtaining noble
metal cryoaerogels.*>*

To gain a deeper understanding of the other gelation
mechanisms for nanoparticle-based aerogels, many useful re-
views are available in literature, for example."”*>®? |n general,
the main differences between cryogelation and classical
gelation techniques are the driving force for inducing gelation
and the drying mechanism which will be discussed in the
following section.

It is possible to have the final cryogels in the form of
homogeneous thin films on conductive substrates or in the
form of three-dimensional monoliths. To fabricate nanoparticle-
based cryogel films, either from the aqueous nanoparticle
colloid or the hydrogel, different possibilities are available, such
as dip coating, doctor blade™ casting or drop casting"""
(Figure 2a), after which the substrate and the sample is flash-
frozen. This is interesting for many applications in which an
electric contact is necessary between the gel and conductive
substrates, being the electrode fabrication technique very easy
and manageable, giving place to thin and homogeneous
cryogel films in the order of a few nanometres.

By drop casting the nanoparticle solution without any
binding additive (gelation agent) in a substrate before freezing,
it is possible to distribute better the nanoparticles and the
resulting films present a continuous network with the nano-
particles having direct contact between them. As it has been
reported," by this procedure the accessible surface is maxi-
mized compared to coatings where the drop casted solution
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Figure 2. a) Schematic representation of nanocrystal-based cryogel film
preparation: drop casting the nanoparticle solution in the film and
subsequent flash freezing and freeze-drying"*?, doctor blade and dip coating
technique."®” Adapted with permission"®?.Copyright 2022 The Authors.
Adapted with permission!"®”, Copyright 2021 Springer Nature. b) Examples of
the different cryoaerogels that can be obtained, either in the form of
monoliths or molded monoliths® or films."*! Adapted with permission®".
Copyright 2016 Wiley-VCH. Adapted with permission.®® Copyright 2019 The
Royal Society of Chemistry.

includes the gelating agent. This is because, in the latter case,
the deposition of the slurry mixture in a substrate leads to the
breaking down of the network into smaller segments and
therefore the coating has a loss of structure and the hierarchical
pore is damaged, reducing the accessible surface area.

As well, three-dimensional macroscopic materials can be
obtained by means of cryogelation of inorganic nanoparticles.
These sponge-like ultralight macroscopic materials are fre-
quently referred to as monoliths (Figure 2b). For that, a drop of
the aqueous nanoparticle colloid (various volumes can be used)
is injected into the freezing media (e.g., liquid nitrogen) with
the subsequent ice sublimation. Interestingly, these monoliths
can be shaped into the desired form (Figure 2b). For that, the
nanoparticles are included into a specific mold before freezing
the solution and further freeze-drying. By the molding approach
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it is therefore possible to shape the gel macroscopically, which
could be interesting for several applications.*”

Cryoprinting is an emerging technique, which has proven
its interest to fabricate cryogels out of polymers, allowing to
print a variety of shapes and sizes."™ In this case, the solution
was previously frozen and therefore the ice crystals were
formed before printing. Afterwards, at —20°C the polymer
cryogel was photopolymerized into complex patterns using
light-based printing technology. As well, in the case of the 3D
printing of a chitosan cryogel, the authors used polyurethane
nanoparticles as crosslinker at 4°C during 4 h to obtain what
they called a “pre-cryogel” and then it was extruded and
deposited onto the printing platform at freezing temperatures
(=20°C)."% As well, in this work™, the authors created
cryogel-based scaffolds out of gelatin by using an embedded
3D printing method for tissue engineering application. This
method involves the gelation of the printed 3D structure at
subzero temperatures under UV light. All this examples high-
light and open very interesting possibilities for the printing of
nanoparticle-based cryogels, in particular following the steps of
the pioneer work done in our group,"®” using a commercial
printer to simultaneously print nanoparticles and their destabi-
lization agent to end up with aerogel printed films.

Finally, the main parameters which have an impact in the
final internal structure and pore size of the cryogels during the
cryogelation fabrication process are: i) the freezing media (e.g.
liquid nitrogen vs. isopentane), ii) the temperature and iii)
freezing rate.™ In the fabrication of polymeric cryogels, it has
been shown that the freezing temperature has an impact in the
final pore size and shape of the freeze-dried cryogels, having
open porous structures when the freezing temperature is
between —20°C to —80°C, and parallel sheet structures when
the temperature is lower (—196°C)."%'® The impact of these
parameters in the structure and properties of inorganic nano-
particle-based cryogels will be discussed in detail in the next
section.

3. Structure and Properties of Nanoparticles
Based Cryogels

3.1. Morphology (Macroscopic, Microscopic and Nanoscopic)

Cryogels from colloidal NPs are interesting in regards to their
morphological characteristics, regardless the type (Au, Ag, Pt
Pd, Fe,0; or CdSe/CdS), shape (spherical, rods or nanoplatelets)
or the size of the NPs building blocks (3.5-120 nm), the aerogels
prepared by cryogelation method have common structural
features.B*'%%191%% | general, the cryogel monoliths look like
fluffy chunks which are very brittle and easily breakable upon
touching (Figure 2b and Figure 3a). This macroscopic shape can
be easily modified by molding the aqueous NPs colloidal
solution and obtain various macroscopic forms, like for example
thin films (Figure 2b).

The colour of the cryoaerogel monoliths differ according to
the properties of the NPs building the structure, for example,
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cryoaerogels from bare Ag NPs showed a reddish to violet
colour, while Ag NPs covered with 5 and 12 nm silica shell
resulted in green greyish and yellow brownish cryoaerogels,
respectively (Figure 3a)." Cryoaerogels prepared from mixing
different types of NPs also showed different colours according
to the type and ratios of the NPs.2"

Microscopically, the cryogel structure was found to mainly
consist of extremely thin 2D sheet-like structures (ranging
between 10-100 nm in thickness) which are randomly con-
nected to form a 3D highly porous scaffold (Figure 3b)."""
These sheets are formed in the vicinities between the ice
crystallites as a result of exclusion of the NPs from the colloid
aqueous solution upon flash freezing at the cryogenic temper-
atures.

Therefore, the 2D sheets are consisting of the nanocrystals
aligned together having inter-particle spaces in between.
Generally, the particles are not fused together but they are very
close on the atomic scale to allow charge carrier movement
along the structure (Figure 3¢).%®” This is highly interesting
because the macroscopic structure of the cryogels can still
retain the nanoscopic properties of the NPs. The 3D self-
supporting structure is highly porous with large surface to
volume ratio, the pores are formed in between the NPs within
the 2D sheets (nanopores) and in between the 2D sheets
(micropores) (Figure 3d and 3e),®” the overall scaffold can be
described as a sponge like voluminous structure. The porosity
of the Ag/silica cryoaerogels were found to be 99.7%.% The
densities were found to range between 20-60 mg/cm > which
represent only around 0.2 % of the corresponding bulk
material.""%

The concentration of the colloidal NPs solution used for
cryogelation is critical. On one hand, if the NPs concentration is
too low, the interconnection between the particles in the sheets
will be poor resulting in a fragile structure with insufficient
mechanical stability. Moreover, a shrinkage in the volume of the
cryogel compared to the volume of the colloidal NPs solution is
observed.

On the other hand, if the NPs concentration is increased
(more than 0.1 vol %), the interconnection between the NPs in
the sheets becomes better resulting in more rigid self-
supported cryogel structures with no shrinkage in the volume
of the cryogel compared to the volume of the colloidal NPs
solution."™ The thickness of the 2D sheets is found to increase
along with increasing the NPs concentrations.

In order to compare the structure of nanoparticle-based
cryogel material to other gels prepared by the classical gelation
techniques, it is important to have a deep understanding of the
differences in the gelation mechanisms. In the classical gelation
techniques, gelation is induced through a controlled destabili-
zation of the NPs colloidal dispersion. In this step, an external
trigger is applied to reduce the repulsive forces between the
NPs, which can be chemical or photochemical oxidation,
heating, connecting functional groups of the ligands or
changing in the zeta potential or the solvent polarity.” As an
example, Figure 4a shows photographs for the gelation of CdSe
quantum dots, triggered by chemical oxidation of the mercap-
toundecanoic acid (MUA) by tetranitromethane as oxidizing
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Figure 3. a) Cryoaerogel monoliths showing different colours according to the properties of the NPs building blocks [Top reddish to violet (bare Ag NPs),
middle green greyish (Ag NPs with 5 nm silica shell), down yellow brownish (Ag NPs with 12 nm silica shell)] and their corresponding TEM images."*” Adapted
with permission®.Copyright ©2018, Dirk Dorfs and Nadja Carola Bigall et al., published by De Gruyter, Berlin/Boston. b) SEM image of cryoaerogel monolith
made from Pt NPs showing the interconnection of the sheet like structures and the highly porous 3D scaffold. The inset shows a photographic image of the
same Pt cryoaerogel monolith prepared from 1 mL of colloidal Pt NPs dispersion (Pt concentration: 0.025%)."'”, Adapted with permission'”. Copyright 2016
De Gruyter. ¢) TEM image of Pt cryoaerogel monolith sheet showing inter-particle spaces at the nanoscale."'”. Adapted with permission"'’. Copyright 2016 De

Gruyter. d) SEM image of cryoaerogel monolith made from Au nanowires showing the large pores (10-100 um) formed due to the interconnection of the 2D

sheet structures."'". Adapted with permission!""

cryoaerogel monoliths made from Ag nanowires showing the interconnection of the 2D network forming micropores."'?. Adapted with permission.

Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

agent.® A well-defined gel structure can be seen at the bottom
of the tube after aging time of 3 months. This gelation step is
considered a crucial point since it influences the physical
properties of the resulting colloidal network (e.g. porosity,
density, mechanical stability and specific surface area). Instead,
for cryogels, the gelation step is induced by freezing at
cryogenic temperatures. So, the first difference between
cryogelation and classical gelation methods is the driving force
for inducing the gelation.

The gelation step is usually followed by a drying process,
ideally the volume of the dried gel should be the same as the
original wet gel. If the gel is dried under ambient conditions, a
xerogel will be formed as shown in Figure 4b (left) which
shrinks in size compared to the wet gel due to the capillary
forces. On the other hand, if the gel is dried by supercritical
drying as shown in Figure 4b (right), no shrinkage in the aerogel
is observed compared to the wet gel. However, preserving the
gel size in self-supported nanocrystal-based gels is not always
guaranteed by supercritical drying as it can be influenced by
the colloid concentration and the interparticle attraction forces.
In comparison, cryogelation followed by freeze drying can to a
large extend avoid this shrinkage problem.!'™

The microstructure of xerogels, aerogels and cryogels are
very different, as shown from the SEM images in Figure 3 and
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|, Copyright 2019 American Chemical Society. €) SEM images (top view) at different magnifications of

[112]

4c. The NPs in the xerogel structure are more compacted
together than in the aerogel showing less porosity. On the
other hand, the aerogel shows a highly porous structure. In
both cases, the structure is completely different than the sheet-
like structure obtained by cryoaerogelation. This feature is also
visible at the nanoscale, as the TEM image of the aerogel in
Figure 4(d-e) shows the connected filament-like structure
which is again different than the cryoaerogel sheet-like feature
(as previously shown in Figure 3c).

3.2. Composition (Pure and Mixed Nanocrystals)

Cryoaerogel monoliths from colloidal NPs, when firstly reported
in 2016, were made from pure Au, Ag, Pt, Pd and Fe,O; NPs and
CdSe/CdS nanorods.® Surprisingly, there was almost no differ-
ence in the structure and morphology of the cryoaerogels
formed from different types of NPs. In the same study it was
proven that using different ligands on the surface of the Pt NPs
(citrate, thioglycolic acid and mercaptosuccinic acid) also did
not change the structure of the cryoaerogels. In later studies,
cryoaerogels formed from pure Au, Ag, Pt and Pd showed the
same typical structure and morphology of cryogels which

© 2024 The Authors. ChemNanoMat published by Wiley-VCH GmbH
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Figure 4. a) Photographs showing gelation of CdSe quantum dots over time
after addition of gelating agent (oxidant: tetranitromethane).”” Adapted
with permission®. Copyright © 2007 American Chemical Society. b) A
photograph compares the macroscopic characteristics of a wet CdS gel
(middle) to the corresponding xerogel (left) dried under ambient conditions
and the aerogel (right) dried by supercritical drying."™ Adapted with
permission", Copyright © 2005, The American Association for the Advance-
ment of Science. c) SEM images of CuGa$, nanocrystal-based xerogel (left)
and aerogel after supercritical drying (right). Inset shows photographs of the
corresponding sample."™ Adapted with permission''® © 2018 by the
authors. Licensee MDPI, Basel, Switzerland. d) SEM and e) TEM images of
aerogel from Pt/Ag NPs."'® Adapted with permission.""® Copyright © 2009
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

consists of randomly oriented 2D sheets which are further
connected to form the 3D porous structure.®>'*!

Multicomponent cryogels can be obtained by mixing
aqueous colloidal solution of different types of NPs followed by
freezing (Figure 5a).2'***”" The advantage of mixing multiple
types of NPs in the same cryogel structure is to obtain novel
materials with improved properties. For example, Pt, Au or Ag
were mixed with metal oxides and Au or Ag were mixed with
hematite to obtain multicomponent cryoaerogel monoliths
(Table 1).2"

In other example, cryogel thin films were prepared from Au
NPs mixed with CdSe/CdS nanorods or grown on it as a hybrid
NPs. Similarly, Pt NPs mixed with CdSe/CdS nanoplatelets or
grown on its edges as a hybrid NPs (Figure 5b).% Moreover,
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cryoaerogels from mixed Pt or Pd with Y-Fe,O; NPs were
prepared as thin films supported on conductive ITO/glass
substrates (Figure 5a).””

It is challenging yet important to obtain multicomponent
cryogels with homogenous distribution of the NPs throughout
the gel structure. The arrangement of the NPs within the
multicomponent cryogel can be influenced by the (-potential
of the NPs in the aqueous colloidal solution. It is well known
that the electrostatic repulsion resulted from the same surface
charge is important for a monodisperse colloidal NPs solution
to keep the NPs stable and prevent aggregation. But what will
happen when mixing different types of NPs colloidal solutions
of opposite or the same surface charge? It was found that in
the case of mixing NPs of different sizes, if the NPs have the
same surface charge, this leads to local segregation.?” In
contrary, mixing NPs of different sizes and opposite surface
charge leads to homogenous distribution in the cryogel
structure.”'®” The TEM images in Figure 5¢ showcase the
influence of the surface charge of the NPs on the final
homogeneity of the multicomponent cryogel structures.

3.3. Temperature Dependence

Freezing at cryogenic temperatures is a crucial point in
cryogelation of NPs since the freezing speed is high enough to
exclude the NPs in between the ice crystallites to form the 2D
sheets. On the other hand, if the freezing speed is low, the NPs
will be located within the ice crystallites and the cryogel
network will not form.™ It was also found that different
freezing temperatures extremely influence the network struc-
ture of the cryoaerogels™ As mentioned before, during
freezing, the NPs are excluded in the spaces between the ice
crystals, and the cryogel network is templated according to the
voids shaped between the ice crystals (Figure 6a). Therefore,
the shape of the network was found to change between
lamellar, cellular and dendritic according to the freezing
temperature, which can be controlled by using different
freezing media. This structural diversity of the cryoaerogel thin
films was investigated by Miiller et al." in 2021 for different
freezing temperatures and freezing media. In this study, it was
shown that freezing the sample in liquid nitrogen (at 77 K) leads
to a decrease in the freezing speed due to the Leidenfrost
effect. To avoid this phenomenon and to obtain higher freezing
speeds, different non-polar solvents were used at their melting
point as a freezing media. This allowed freezing the samples at
179, 178, 142 and 113 K using n-hexane, toluene, n-pentane
and isopentane, respectively. Increased freezing rate at low
temperatures not only affected the network structure but also
enhanced stability of the gel network (Figure 6b-e).

3.4. Interparticle Distance
The interaction between the particles in the initial aqueous

colloidal solution is highly important and it finally affects the
structure of the cryogel formed. An excellent example is the
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Figure 5. a) Schematic diagram showing the steps for obtaining multicomponent cryoaerogel or cryohydrogel films supported on ITO/glass substrates.
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Adapted with permission.®” Copyright 2023 by the authors. License MDPI. b) Schematic diagram showing the different models for obtaining multicomponent
cryoaerogels from semiconductor NPLs or NRs combined with noble metal NPs either by mixing the nanoparticles or direct growth of the noble metal domain
on the semiconductor.®® Adapted with permission.®® Copyright 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH. c) Effect of
{-potentials on the final homogeneity of the cryogel. Right: a diagram showing mixing of the NPs with opposite surface charges resulting in random
distribution of the NPs in a homogenous way. Left: TEM images of cryoaerogel monoliths from mixed Pt and TiO, NPs with different surface charges, a partial
segregation of Pt NPs is observed in the case of the same surface charge for Pt and TiO, NPs, a homogenous distribution is observed in the case of opposite
surface charges.”” Adapted with permission.”” Copyright 2022 American Chemical Society.

H planar growth

lamellar growth

cell growth dendrite growth

Figure 6. a) The influence of increasing freezing rate on the ice crystal growth, at higher freezing rates small number and size of ice crystals are formed. SEM
images of cryoaerogel coatings from Pt NPs resulted from freezing at different temperatures (using different freezing media) b) 235 K (in air atmosphere
inside a freezer). c) 77 K using liquid nitrogen. d) 142 K using n-pentane/liquid nitrogen. e) 113 K using isopentane/liquid nitrogen." Adapted with

permission." Copyright 2022 The Authors. Published by American Chemical Society.
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Table 1. Examples of the different types of NPs used to prepare cryogels and their possible applications.
Type of NPs Shape of NPs Size (nm) Surface ligands Concentration of Cryogel Application/proper- Ref
colloidal dispersion density ties investigated
Au Spherical except Au:3.3+04 Citrate >0.1% volume 0.02- 841
Ag for CdSe/CdS Ag:8.6+23 MSA fraction 0.06 gcm ™!
Pt Pd: 3.6 +£0.6 TGA
Pd Pt:3.84+0.7
Fe,O,
CdSe/CdS
nanorods
Ag/SiO, shell Spherical Ag: 68412 PVP 0.3% 0.03gcm™ Optical properties fro01
Shell thichness: Or 29 mg/mL
5and 12
Au+Fe,0, Spherical Citrate or DMAT Photocatalysis 20
Ag+ Fe, 05 for Au, Ag and Pt
Ag+TiO,
Au-+TiO,
Pt+TiO,
Pt
+MnO(OH),
Pt
+CoO(OH),
Pt+ NiO(OH),
CdSe nano- Quasi-rectangular Thickness: 1.2 MUA 28 mM Cd Photochemical sens- 03]
platelets Length:7.1+£1.4 ing
Width:
228+29
Au Spherical 4 Citrate 0.1% Electrocatalysis 11031
Au Nanowires Length: 10 um Mercaptobenzoic 2-14 mg/mL 0.006 - i
Width: 7 nm acid (MBA) 0.023 g
cm’?
Au Spherical Au:46+1.2 Citrate >0.1% Electrocatalysis 1851
Pt Pt: 4.64+0.42
Pd Pd:11.24+1.2
Au Nanorods Au: Ly, 46, Au: CTAB/n-dec- Au’: 8.8 g/L Electrocatalysis toz
Ag Wigs 11 anol Au’+Ag® 5.4 g/L
Ag: Lyg, 108, Ag: CTAC
Wyirs 25
CdSe/CdS/Pt Pt,Au: Spherical CdSe/CdS NPLs: MUA 0.03-0.07 M Photoelectrochemical ¢
CdSe/CdS CdSe/CdS: Nano- Lyprs 54.1+7.1 MPA
+Pt platelets (NPLs) or Wyps 122+£1.4
CdSe/CdS/Au Nanorods (NRs) Ptyomain 1.9+ 0.4
CdSe/cds Ptyp, 1.7£0.2
+Au CdSe/CdS NRs:
Ly 40.6 £ 5.4
Wi 4.9+ 0.5
AUgoran 2.7 £0.8
AlUpp, 4.7 £0.7
Pt+ y-Fe,0 Spherical Pt: 3.940.2 Citrate 30-64 g/L Electrochemical 7]
Pd + y-Fe, 04 Pd:4.4+0.2
v -Fe,O;:
11.3+£0.2
cryogel structure formed from pure metal oxides (i.e. efficient charge carrier separation. In detail, the distribution of

hematite)®” in which the interparticle interaction is relatively

weak compared to the intraparticle interaction between the
metal ion and the oxygen atoms. This leads to an increased
fragility of the cryogel structure due to the higher atomic
distances in between the NPs than within the NPs. Another
example in which the interparticle distances play an important
role is the gel structure made from semiconductor-metal
NPs.2e"'7 |t was found that direct contact between the semi-
conductor and metal NPs prior to gelation is important for

ChemNanoMat 2024, 10, 202300532 (9 of 14)

the noble metal domain throughout the gel structure can be
tuned by direct growth of the metal domains on the semi-
conductor NPs instead of just mixing the two of them prior to
gelation (Figure 5b).

It is very important to note here that the interparticle forces
should be carefully modified in order to reduce the repulsive
forces in a way that still allow the controlled assembly by
further cryogelation. Several approaches are useful to manipu-
late these interparticle distances, for example, increasing the
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metal content or annealing at high temperatures in order to
decrease the fragility of the cryogel structure.?” Additionally,
controlling the amount of the residual ligands on the NPs
surface to add more cross-linking forces between the NPs is a
promising approach.” Direct growth of the metal domains on
the surface of the semiconductor NPs — as we mentioned earlier
- helped to control over the NPs distribution.”® Finally, mixing
NPs of different sizes can also help to decrease the cryogel
structure fragility by filling the interparticle spaces with the
smaller particles.

4. Applications

Compared to drop casted NPs, the 3D cryogel structure have
proven always a better performance in many applications. The
unique properties of cryogels made from colloidal NPs
represented in the open pores, the high specific surface to
volume ratio, the retained nanoscopic properties and many
more, as we discussed before. All these characteristics made
cryogels excellent candidates for many applications, for exam-
ple, photocatalysis®”, photoelectrochemical sensing"™ and
electrocatalysis.®*#10219911% | this section we will highlight
some examples of the application of cryogels made from NPs
with different types, shapes, and sizes.

For electrocatalysis, cryoaerogel and cryohydrogel thin films
from pure noble metals NPs (Pt, Pd and Au) supported on ITO
substrates were investigated for their electrocatalytic activity to
the ethanol oxidation reaction (EOR).®® The novel materials
showed greater electrochemical active surface area (ECSA) and
enhancement in the mass activity when compared to the
immobilized drop casted NPs on the ITO substrates (Figure 7a).
Interestingly, in that work it is shown that the cryogel super-
structure is also present in the frozen state after flash-freezing
and before the freeze-drying. Cryohydrogels out of noble metal
nanoparticles are fabricated by placing the flash-frozen samples
in an aqueous solution and left for gentle thawing of the ice
crystals, showcasing the same electrocatalytic activity as the re-
wetted cryoaerogels which were previously freeze-dried. Anoth-
er example is cryogel thin films prepared from mixing noble
metals NPs (Pt or Pd) with y-Fe,0; NPs.®”) The cryogel thin films
were supported on conductive ITO/glass substrates and inves-
tigated for their electrocatalytic activity towards EOR which can
be applied in direct alcohol fuel cells. Although the noble metal
content was very low (only 1 wt%), however, the cryogel thin
films showed better electrocatalytic performance than cryogels
from pure noble metal NPs. The mass activity and the ECSA
were increased in the case of the multicomponent cryogel
structures from mixed Pt or Pd NPs with y-Fe,O; NPs.
Interestingly, the tolerance against the ethanol oxidation
reaction intermediates (the poisonous carbon oxide intermedi-
ates) was greatly enhanced. Figure 7b compares the cyclic
voltammograms obtained from cryohydrogel samples made of
pure Pd NPs and 1 wt% Pd/ y-Fe,O; NPs measured in 0.25 M
ethanol at highly basic pH (1 MKOH).

Other study reported the electrocatalytic and photoelectro-
catalytic performance of Au—Pt and Au—Pd cryogels for EOR.*¥
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Figure 7. a) Application of cryoaerogel made from pure Au, Pt and Pd in
electrocatalytic oxidation of ethanol. Left: SEM images of drop casted Au NPs
(black), Au cryoaerogel freezed at —196 °C in liquid nitrogen (blue) and Au
cryoaerogel freezed at —160 °C in isopentane/liquid nitrogen (red). Right:
The corresponding mass-normalized activities of Au, Pt and Pd coatings for
ethanol oxidation reaction.®” Adapted with permission.®™ Copyright 2021
The Authors. Small published be Wiley-VCH GmbH. b) Application of cryogels
made from pure and mixed Pd NPs with y-Fe,O; NPs in electrocatalytic
oxidation of ethanol. Left: SEM image (top view) of cryoaerogel thin film
supported on ITO/glass substrate (working electrode), the cryoaerogel is
made of mixed Pd and y-Fe,O; NPs with Twt% concentration of the noble
metal. Right: a comparison between the cyclic voltammograms of: cryohy-
drogel from pure Pd NPs (black) and cryohydrogel from 1wt % Pd/y-Fe,O,
(blue), scan rate 50 mV/s.®”’ Adapted with permission.®”” Copyright 2023 by
the authors. License MDPI.

The resulting cryogel benefits from the outstanding properties
of both noble metals: the Au provides high stability and
electrical conductivity, while the Pt and Pd provide excellent
catalytic activities.

Cryogel thin films were prepared from Au and Ag nanorods
surface-modified with conductive polymer (poly(3,4-ethylene-
dioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) and their
application in electrocatalysis was studied (Figure 8a).""? The
electrochemical redox reaction was investigated by means of
cyclic voltammetry in presence of CI~ or OH™ ions which
revealed the available electrochemical active sites on the
cryogelated Au and Ag nanorod surfaces. This work compares
the performance of the cryogelated structures with the simply
drop casted and dried NPs. The cryogel structures showed very
promising results for the electrocatalytic sensing of ferrocya-
nide, D-glucose and enhanced performance in the catalytic
activity towards EOR. The significant decrease in the resistance
due to the porous structure of the cryogelated materials was
also proved by means of electrochemical impedance spectro-
scopy in the same study. On the other hand, a study made on
porous cryogels from pure Au NPs reported no catalytic activity
of these Au cryogels towards carbon monoxide oxidation."®
However, the same study revealed the importance of trace
alkali metals on the Au surfaces and their effect on the catalytic
activity of the cryogels. The presence of such trace metals was
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Figure 8. a) Application of cryoaerogels made of Au NRs in electrocatalytic
sensing of D-glucose. Left: a diagram shows the assembly of cryoaerogel
thin films from Au NRs/PEDOT:PSS on ITO/glass substrate, in the background,
an SEM image of a top view of the cryoaerogel thin films. Right: a
comparison between the cyclic voltammograms of: bare ITO/glass substrate
(black), drop casted Au NRs (blue) and Au NRs cryoaerogel thin film (red)."*?
Adapted with permission"'®?.Copyright 2022 The Authors. Published by
American Chemical Society. b) Application of cryoaerogels made of CdSe
NPLs. Left: TEM and SEM images of CdSe NPLs and CdSe cryoaerogel coated
photoelectrode, respectively. Right: Photocurrent responses Vs ferricyanide
concentration measured for a CdSe NPLs deposited as multilayers (blue) and
a CdSe NPLs cryoaerogel coated photoelectrode (green)."* Adapted with
permission”®, Copyright 2019 Royal Society of Chemistry.

found essential for the high catalytic activity of the Au cryogels
towards the oxidative methanol coupling.

Cryoaerogels from CdSe nanoplatelets (NPLs) have proven
to be very promising in photoelectrochemical sensing
applications.'® The cryoaerogel coated photoelectrode were
prepared as thin films supported on functionalized ITO/glass
substrates. Compared to drop casted CdSe NPLs, the 3D porous
cryoaerogel structure showed higher photocurrent efficiencies
up to 6.63 uA/cm?® and enhanced sensitivity towards ferricya-
nide down to concentrations less than 5 uM (Figure 8b). The
improvement in the photoelectrochemical performance is
attributed to the better charge carrier mobility in the case of
the highly porous structure of the cryoaerogels. For photo-
catalysis, cryoaerogels prepared from mixed Pt and TiO, NPs
were evaluated for their photocatalytic activity towards Hydro-
gel evolution reaction.?” In this work, the composition of the
cryoaerogel structure was fine-tuned by controlling the ratio of
Pt to TiO,. This was done by simply mixing the two types of the
NPs with different amounts (1, 50 and 84 wt% of Pt). It was
proven that the Pt content play very important role in the
photocatalytic performance of the cryoaerogels for hydrogen
evolution reaction as well as for the stability of the cryoaerogel
structure. The cryoaerogel with 1 wt% Pt showed the highest
photocatalytic activity, with an average specific hydrogen
evolution of 5.1 mmolh~"g™". Interestingly, this value is higher
than the obtained for the 1wt% Pt colloidal solution
(3.1 mmolh~'g™"). As well, this work proves that cryoaerogels
have better photocatalytic performance compared to the high-
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est value of hydrogen evolution by aerogels prepared by
conventional hydrogelation methods.

5. Summary and Outlook

Nanocrystal-based cryogels are highly promising novel materi-
als showcasing high surface areas and a porous structure which
bridge the gap between the macroscopic scale and the nano-
scopic properties of the building blocks. The huge library of
options for these building blocks, either regarding on their
composition (semiconducting, magnetic, plasmonic or mixtures
of them®), their size and shape (nanowires?®''2"
nanoplatelets"®'", spheres, cubes ...) or their surface function-
alization, open the possibility to tackle a broad range of societal
problems, such as environmental remediation®>>'*" or energy
saving and conversion.'™'*" Their superior performance in
several applications such as electro- or photocatalysis in
comparison to the colloidal counterpart has been extensively
proven,2'##11% heing possible to obtain better catalysts with
lower loads of noble metals, which decrease considerably the
price and overcome the problem of the scarcity of these
elements. This is possible because these materials maximize the
available active surface area, improving the catalytic mass
activity. In addition, the fabrication of cryogels directly out of
the aqueous colloidal solution of inorganic nanoparticles is
extremely easy and very versatile, not being necessary any
previous milling or hydrogelation, and it is possible to obtain
thin films as well as sponge-like monoliths which can be
molded as desired. As they are self-supported, no co-catalyst or
support is necessary, so the long-time stability against (electro-
)corrosion is improved compared to the commercially available
materials based on carbon*? and the heat transfer is
increased.

The applications found in literature regarding nano-crystal-
based cryogel are limited to a few examples, while the potential
and possibilities of these materials are broad, due to the
enormous toolbox of inorganic nanocrystals available nowa-
days. Especially due to the possibility of external shaping e.g.
by doctor blading, the processability and hence applicability of
these materials might possibly be even higher than in conven-
tionally synthesized gels. In this context, the application of
these materials can be expanded to include: all kind of catalysis
(e.g., water electrolysis, gas-phase catalysis and photocatalysis),
biomedical applications for diagnostics and analysis (e.g.,
analysis of pharmaceuticals and bioactive molecules), environ-
mental applications (e.g., adsorbent in water treatment), and
last but not least, in the field of electronics as insulators,
conductors,  supercapacitors  or  further  high-surface
electrodes.!"'%127

Nevertheless, there are still different challenges to overcome
to exploit the full potential of these materials. Cryogels made
out only by inorganic nanocrystals are very brittle and fragile,
and more research should be done in the direction of
increasing their thermal, mechanical and catalytic stability, in
particular the long-term catalytic stability over multiple runs.
For the latter, for example, it has been found that while Ag, Au
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and Pt cryogel catalysts (for CO oxidation) exhibit a decreased
thermal stability and catalytic activity over several runs, Pd
cryogel exhibits significantly high stability."'” By the correct
choice of the catalytic material, the temperature and freezing
rate and surface functionalization, it is possible to increase the
catalytic activity. In the sense of mechanical stability, all
nanocrystal-based gels are fragile, whether obtained by conven-
tional gelation or cryogelation. It might be that due to the side-
by-side connection of the nanoparticles there could be higher
stability, but it has not yet been measured to the best of our
knowledge. There is a lot of research done in the direction of
mixing inorganic nanoparticles with polymer matrices, which
considerably diminishes their fragility.?*''*'?® |t was also
suggested that the quality of the NPs dispersion and optimiza-
tion of the gelation step can enhance the mechanical stability
of nanocrystal-based aerogels. Additionally, a high homogene-
ity of the gel components over the entire gel volume is crucial
to improve the mechanical stability.®”

Finally, for the fabrication of cryogel thin films on
conductive substrates, it is very important to focus on the
correct functionalization of the nanoparticles and the substrate,
to secure a good attachment of the cryogel and therefore a
better and higher stability catalyst."*?

The interest on studying nanocrystal-based cryogels is clear
from different point of views: i) the easy synthesis procedure, ii)
their lightness, porous structure and enhanced surface area, iii)
their outstanding performance in different catalytic applications
and iv) the possibility of reducing the load of noble metal in the
catalyst, reducing the overall cost. Using novel or modified
cryogelation techniques, as for example cryoprinting, tailored
and improved cryogels will be obtained with the desired
functionalities and new potential applications by the correct
choice of the building blocks.
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