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Aerogels are solid materials with desirable properties,
including very low densities, thermal conductivities, and
high specific surface areas. These properties offer numerous
possibilities for aerogels as functional materials. A number of
mesoscopic materials have been used as building blocks for
aerogels, including carbon nanotubes!!! and graphene.” The
true potential of aerogels may be realized when functional
materials are added to achieve more advanced usability. Some
examples include the demonstration of oxygen-reduction
reactions in graphene aerogels,®” mechanoresponsive nano-
cellulose aerogels,!l and magnetic aerogels.”! In these exam-
ples, the active aerogels were designed from the bottom up for
each specific application. However the bottom-up approach
presents challenges and shortcomings, including:

- The necessity of adding the active materials to the aerogel
building block prior to making the aerogel. This may
demand complex chemistry, and the functional materials
may not be compatible with the building-block dispersion
or the aerogel process.

- The inability to control the thickness of the active material
at the nanoscale, and the inability to construct multiple
layers of different materials.

- The need to design completely new aerogel building blocks
and preparation procedures for each desired function.

Layer by layer (LbL) assembly is a generic technique for
coating functional materials onto surfaces® and a large
number of applications based on this technique have been
accomplished.” Tt is therefore easy to envision a diversity of
advanced materials that can be made using the LbL method
for the self-assembly of functional materials onto aerogels.
However, no aerogel material suitable for LbL. and no
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feasible method for the LbL assembly onto aerogels have
been found to date. Examples of LbL assemblies onto porous
structures include the nanotube-assembly on macroporous
carbon paper,® fire-resistant three-layer structures on a poly-
urethane foam,” and an LbL nanosheath on a polymer-blend
porous structure.!'”!

Herein, we report a robust and rapid method for the LbL.
assembly of functional polymers and nanoparticles on cross-
linked nanocellulose aerogels with a porosity close to 99 %,
high strength, and nanoscale shape integrity in water. We
show that the LbL assembly of thin films of biomolecules,
conducting polymers, and carbon nanotubes can be used for
adding electronic and mechanical properties. Furthermore,
we demonstrate that aerogels with dry-strength and elastic
wet strength enhancement, elastic mechanoresponsive resist-
ance, and supercapacitor properties with specific capacitance
values exceeding 400 Fg~' have been developed.

In this study, we have chosen to work with nanofibrillated
cellulose (NFC) as the aerogel building block. NFC is
a rapidly emerging class of bio-friendly bulk nanomaterial
that offers tremendous possibilities for the aqueous self-
assembly of a range of advanced micro- and nano-struc-
tures.'!! By blending functional materials in NFC dispersions,
active composites have also been developed, such as magnetic
nanopaper!! and carbon nanotubes.”! Aside from nanostruc-
turing, the high anionic or cationic surface charge of NFCs
also presents possibilities for non-covalent, yet strong ionic
interactions. The most intriguing implication is the possibility
to use the LbL assembly method on NFC structures. It has
been demonstrated that well-defined LbL structures can be
formed by combining NFC and different types of cationic
polyelectrolytes.?!

NFC-based aerogels should therefore also be ideal
candidates for LbL assembly. However, as NFC is dispersible
in water, the aerogel nanostructure will fully disintegrate
during an LbL assembly. It has recently been demonstrated
that covalent cross-linking of NFC aerogels!™ results in
macroscale shape recovery of NFC aerogels in water. We
hypothesized that covalent cross-linking of the NFC could
even provide micro- and nanoscale shape-recovery properties
by interlocking the fibrillar “struts” of the NFC aerogel.

As base nanocellulose material we used carboxymethy-
lated NFC with approximate diameters of 2-3 nm and lengths
of 2-3 um. The NFC was produced by treating the sulfite-
dissolving pulp of softwood with mono-chloroacetic acid
(2wt%) to introduce charged carboxylic groups
(550 peqg™), followed by mechanical disintegration with
a homogenizer.m] We further used 1,2,3,4-butanetetracarbox-
ylic acid (BTCA) as a cross-linker, as BTCA is known to form
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ester linkages by reactions with cellulosic hydroxy groups.'!
The aerogels were made by dissolving powders of BTCA and
sodium hypophosphite inside a NFC gel (2wt % ), whereupon
the gel was freeze-dried to achieve an aerogel. The aerogel
was subsequently heated to 170°C, for initiating the covalent
chemical reaction in the dry state, which resulted in a cross-
linked aerogel (for details, see the Supporting Information).
Aside from cross-linking, each BTCA molecule also adds two
extra carboxyl groups to the aerogel; this results in an even
higher total anionic surface charge, which is beneficial for the
LbL preparation procedure. NFC aerogels with different
degrees of cross-linking were characterized using IR spec-
troscopy and conductometric titrations. Figure 1c¢ shows the
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Figure 1. a) Representations of the cross-linking in NFC, and aerogel
construction and the LbL assembly on aerogels. b) Conductometric
charge (2), the charge calculated from the IR peak area around
1720 cm™" and normalized with the conductometric charge (o).

c) Adsorbed amount of PEl (@) and PAH (m) per gram of aerogel
mass as a function of the total number of layers.

surface charge for the different degrees of cross-linking,
which was measured conductometrically and can also be seen
in the increasing area around the peak at 1720 cm ™' in the IR
spectrum (Supporting Information, Figure S2). The maximum
cross-linking increased the charge by 440 % to 2300 umolg .
This value is among the highest surface charge densities
reported for aerogels, which makes this material ideal for
a self-assembly procedure that is based on ionic surface
interaction. Indeed, the average distances between the
charges on the aerogel surface are smaller than the Bjerrum
length in water at room temperature, and thus other factors,
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such as salt concentration and pH, will determine the
available charge density!™ during the LbL assembly.

The cross-linked aerogels were further characterized
mechanically in the wet state by compressive stress—strain
measurements of aerogels immersed in water (Figure 3a).
Here, the aerogels showed full and repeatable shape recovery
up to a compressive strain of 95% in water, which still
permitted total shape recovery down to the micro- to
nanoscale when the pressure was released (Supporting
Information, Figure S1). The compressive-stress values mea-
sured at the highest strains were greater than 1.6 MPa, which
is one of the highest values ever reported for a compressible
organic aerogel, and even exceeds values previously reported
for CNT-based aerogels at recovery strain points.'") Further-
emore, these cross-linked aerogels are stable in most organic
solvents, thus providing possibilities for non-aqueous LbL
assembly or post-assembly functions in numerous liquids.

We hypothesized that a water-stable aerogel with a high
specific surface charge would be a perfect material for a LbL
assembly on the entire surface of the aerogel. However, as
slow methods such as dip coating, or rapid LbL methods such
as spray coating!”! only work for flat or macroporous
surfaces,”) we developed a LbL method that utilized the
inherent properties of the strong aerogels by forcing solutions
of polyelectrolytes through the aerogel by means of a pressure
gradient (see the Supporting Information and Figure 1a). We
found that the entire bulk of the aerogel surface could be
covered in less than one second. The good surface coverage of
each layer resulted in complete charge reversion of the
surface, which allowed the consecutive growth of multiple
numbers of layers. The success of this extremely rapid, yet
high surface-area LbL coverage can be attributed to a combi-
nation of several factors. The time required to reach
equilibrium adsorption probably decreases with increasing
surface charge density, which was high in this case, especially
at low salt concentrations.'"¥ The flow of liquid through
a tortuous porous structure (Figure2b,c; see also the
Supporting Information, Movies S1 and S2) disrupts the
linear flow and probably prevents the build-up of thick
stagnant layers through which the polymers would have to
diffuse. The amounts of adsorbed poly(ethyleneimine) (PEI)
and poly(allylamine hydrochloride) (PAH), which were
determined by nitrogen elemental analysis, are shown as
a function of the number of layers in Figure 1c. Here,
a smaller amount of PAH is adsorbed at the first layer as
compared to PEI, and the adsorbed amounts of both
materials show linear growth with increasing layers. These
trends are similar to those for LbL growth on planar
surfaces.”” Using the adsorbed mass of the LbL layers, we
roughly calculated a one-layer thickness of 0.3 nm for PAH,
and 0.7 nm for PEI (see the Supporting Information). These
numbers are close to values reported for planar LbL
surfaces,'””! which indicates that the LbL coating should
cover a large fraction of the specific surface area of the
aerogel.

For LbL studies and the preparation of aerogels with
several different functionalities, we used four different
materials (Figure 2a); this included two water-soluble con-
ducting polymers, sodium poly[2-(3-thienyl)ethoxy-4-butyl-
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Figure 2. a) Optical micrographs of LbL-functionalized aerogels in the dry state, and the corresponding
chemical formulas of the functional polyanion used in the LbL. Aerogel intersections were cut with a razor
to display the interior part. The LbL coating from left to right shows: (PAH/HA)s, (PEI/PEDOT:PSS),,, (PEI/
ADS2000P),,, (PEI/SWCNT)s. b) 3D picture reconstructed from slice images obtained by confocal micros-
copy from the fluorescence of LbL multilayers of (PEI/ADS2000P),, taken in dry state. SEM images are all
taken at intersections inside coated aerogels, and show (PEI/PEDOT:PSS);, (c and d) and (PEI/CNT)s (e).

sulfonate] (ADS2000P), which is fluorescent and used here to
study the three-dimensional structure of the LbL coating with
confocal microscopy, and poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS), which is the most
versatile of all conducting polymers. PEDOT-covered aero-
gels would open a door to a wide range of electronic,
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optoelectronic, and bioelect-
ronic applications.” Further-
more, the biopolymer hyalur-
onic acid (HA), which has
been widely used over the
past few years in multilayer
structures for biomedical ap-
plications, was tested.?!
Finally, single-wall carbon
nanotubes (SWCNTs) were
used for a LbL assembly of
mesoscopic  objects, which
allow numerous possibili-
ties™ for electronic function-
ality of aerogels.

Micrographs and scanning
electron microscopy (SEM)
images were taken by cutting
intersections into the aerogels.
A uniform color of the coating
revealed that the entire bulk
of the aerogel was covered
with materials assembled by
LbL (Figure 2a). To study the
bulk coating in more detail,
we used confocal microscopy
to image aerogels coated with
ten bilayers of ADS2000P. A
reconstructed image of the
3D structure of the fluores-
cent LbL layer is shown in
Figure 2b and Movie S3, and
reveals that the overall struc-
ture of the LbL coating
extends into the aerogels
with an overall uniform inten-
sity, thus suggesting a uniform
coverage of the aerogel sur-
face. This confocal image can
be compared to the SEM
image (Figure 2c); both
reveal the same microstruc-
tures and similar pore struc-
tures, and display the struc-
tures of the porous NFC
nanofilms. Higher-magnifica-
tion SEM images of aerogels
coated with ten bilayers of
PEI/PEDOT:PSS reveal an
appearance very similar to
that of pristine aerogels (Fig-
ure 2d), as the polymer coat-
ings are only a few nanome-
ters thick and quite uniform, which is a feature of successfully
grown LbL films, where all residues have been washed
between each LbL step to ensure growth and smoothness at
the nanoscale. A SEM image of aerogels coated with five
bilayers of PEI/SWCNT at a closer magnification is shown in
Figure 2e. In contrast to the polymer LbL film, here the
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structure of the LbL films is indeed visible, displaying
a random network of SWCNT nanowires.

Compressive stress—strain experiments of a pristine aero-
gel and aerogels coated with ten layers of PAH/HA immersed
in water showed very high compressibility and total shape
recovery (Figure 3a). The PAH/HA-coated aerogels showed
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Figure 3. a) Reversible compressive strain vs. stress for aerogels in
water, for a pristine aerogel (black) and for an aerogel with (PAH/HA),
(gray); inset: reversible compressive strain/stress up to 95% strain for
(PAH/HA);. b) Photographs of a (PEI/SWCNT)s aerogel in the com-
pression/resistance measurement setup in uncompressed and com-
pressed state. c) Photograph of a supercapacitor device with two (PEI/
SWCNT); aerogels sandwiched with a spacer and connected to an
anode and cathode graphite foil at top and bottom. d) Galvanostatic
cycling. e) Cyclic voltamogram of the supercapacitor.

an increase of over 100 % in compressive stress at all strains,
with a retained increase in stress even at 80 % strain. This is
a considerable increase, especially considering that the LbL
film is thin, and that the pristine aerogel already has one of
the highest recovery stresses reported. The increase in
strength can be attributed to the properties of the PAH/HA
alloy formed through the LbL addition."”! Further analysis of
the mechanical properties of the aerogels in the dry state
revealed that aerogels coated with five bilayers of PEI/
SWCNT had a more pronounced elastic region up to 2%
strain. They further showed a greater overall stress in the
strain-hardening region, and were over three times stronger,
with a stress of over 350 KPa. The large increase in
mechanical strength indirectly revealed that the SWCNT
coatings must have a high overall bulk coverage.
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The aerogel with ten bilayers of PEI/PEDOT:PSS dis-
played high conductivity over large distances between
electrodes, with a bulk conductivity of 1.4x107°Scm™'.
Values of around 107 Scm™' have been reported®! for
similar LbL films on flat surfaces, so considering that the
aerogel volume consists of about 98 % air, our value suggests
an almost complete LbL surface coverage. The resistance
further decreased almost linearly with increasing strain, with
a decrease of over 550% at 70% strain (Figure S4). The
linearity suggests that the thin polymer film is flexible and
conforms during the compression, while maintaining an
almost constant thin-film conductivity even up to 70 % strain.

For the uncompressed aerogel coated with five bilayers of
PEI/SWCNT, a bulk conductivity of 1.2x107*Scm™' was
measured. For planar LbL films of five bilayers of PEI/
SWCNT, conductivities in the order of 1072 Scm™' ¥ have
been reported. Again, considering that the LbL film covers
only a small weight percentage of the total bulk mass, our
values not only suggest that we have a uniform coverage of
CNT LbL, but also that we might have higher local film
conductivities than those that were made using dip-coating on
planar surfaces. The resistance of the SWCNT-coated aerogel
displayed a more rapid decrease as a function of strain in the
initial region up to 20% strain, and decreased by around
800% at 70% strain (Figure S4). We could also show
a reversible change in resistance as a function of pressure
within the elastic regime (Figure S4, inset), with a 30%
decrease in resistance at a pressure of 14 KPa.

To show an active function that is based on the large
available interfacial area between the LbL coating and
a solution, we built an energy-storage device. Here,
SWCNT-functionalized aerogels were used as electrodes in
an aqueous supercapacitor (Figure 3¢). This device showed
almost perfect, square-shaped double-layer capacitive behav-
ior in cyclic voltammetry (Figure 3 e), and stable galvanostatic
cycling over many cycles (Figure 3d). By accounting only for
the measured weight of the active LbL layer, the specific
electrode capacitance was calculated to be 419+ 17 Fg' (see
the Supporting Information). This largely exceeds the best
values previously reported for SWCNTSs on paper substrates
(200 Fg™1),”) SWCNT LbL freestanding films (159 Fg™"),!
and LbL multiwall-CNT films coated on carbon paper
(104 Fg ™). The high specific capacitance found for these
aerogel electrodes that were obtained by the LbL assembly of
CNTs reflects the fact that the LbL method successfully
provides an ultrathin nanoporous coating that maintains good
connectivity throughout the whole aerogel-network structure.
This in turn leads to improved use of the active material.

In conclusion, we have constructed aerogels with a high
surface area and high surface charge, and demonstrated
a rapid method for the LbL assembly of functional materials
onto these aerogels. Conducting polymers, biomolecules, and
carbon nanotubes were assembled by LbL, and enhanced
compressive strength, super elasticity in the wet state,
fluorescence, elastic mechanoresponsive resistance, and very
high charge-storage capacity were observed. LbL-coated
aerogels open avenues for functional mesoporous materials
with many possibilities. Some application areas envisioned
include aerospace,””! energy storage,”™ thermoelectric materi-
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als,”! gas sensing,” biomedical devices,*!! drug delivery,
fire-resistant materials,®" elastomeric aerogels,*” and strong
and superlight composites.?>I
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