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Ambient-Dried, 3D-Printable and Electrically Conducting
Cellulose Nanofiber Aerogels by Inclusion of Functional

Polymers

Hugo Frangon,* Zhen Wang, Andrew Marais, Katarzyna Mystek, Andrew Piper,
Hjalmar Granberg, Abdellah Malti, Paul Gatenholm, Per A. Larsson, and Lars Wagberg*

1. Introduction

This study presents a novel, green, and efficient way of preparing crosslinked

aerogels from cellulose nanofibers (CNFs) and alginate using non-covalent
chemistry. This new process can ultimately facilitate the fast, continuous,
and large-scale production of porous, light-weight materials as it does not
require freeze-drying, supercritical CO, drying, or any environmentally
harmful crosslinking chemistries. The reported preparation procedure relies
solely on the successive freezing, solvent-exchange, and ambient drying

of composite CNF-alginate gels. The presented findings suggest that a
highly-porous structure can be preserved throughout the process by simply
controlling the ionic strength of the gel. Aerogels with tunable densities
(23-38 kg m~%) and compressive moduli (97-275 kPa) can be prepared by
using different CNF concentrations. These low-density networks have a
unique combination of formability (using molding or 3D-printing) and wet-
stability (when ion exchanged to calcium ions). To demonstrate their use

in advanced wet applications, the printed aerogels are functionalized with
very high loadings of conducting poly(3,4-ethylenedioxythiophene):tosylate
(PEDOT:TOS) polymer by using a novel in situ polymerization approach.
In-depth material characterization reveals that these aerogels have the
potential to be used in not only energy storage applications (specific
capacitance of 78 F g7'), but also as mechanical-strain and humidity sensors.
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Aerogels are synthetic materials exhib-
iting exceptional properties such as ultra-
low density and thermal conductivity.'=?!
Despite numerous attempts at defining
this material, a certain confusion
regarding the semantics still prevails.
According to the IUPAC terminology,
aerogels are a subset of gels comprising a
microporous solid in which the disperse
phase is gaseous. However, aerogels are
also often defined according to their fab-
rication protocol, i.e., as porous materials
derived from gels where the liquid phase
is replaced by a gas.’) Owing to their low
solid content and small average pore size,
aerogels have historically been developed
as thermal insulators.”) They have also
shown promise in water purification sys-
tems, energy storing/harvesting devices,
oil absorbents and acoustic insulators.[5-14
Nonetheless, due to the complex processes
required to prepare aerogels, their prepa-
ration on an industrial scale has yet to
be realized. Numerous sol-gel methods
have been reported to produce gels of different structures and
properties.’! These gels are either frozen and then freeze-dried
or dried by critical-point drying.'> These two processes are dif-
ficult to implement at an industrial scale as they are costly, time
and energy consuming, and require batch processing.l'®l Sil-
ica-based aerogels are an example of commercially successful
aerogels,'”] although suffering from their inherent brittleness,
lack of formability, and high processing cost.'®1% To mitigate
these issues, aerogels made from numerous other starting
materials have been suggested.[2%-21]

Cellulose is an abundant linear biopolymer of glucose units
which, in nature, is assembled in highly ordered, long, and
thin nanostructures called cellulose nanofibers (CNFs). CNFs
are known for their low thermal expansion coefficient and
their high stiffness, with an elastic modulus of 138 GPa.l?223]
When extracted from delignified wood fibers, they typically
have a width of 4 nm and a length of 500-2000 nm; dependent
on choice of raw material and how it was processed.** As
the CNFs are tightly packed in the fiber wall lamellae, their
isolation requires costly and high-energy mechanical treat-
ments. The cost of the extraction process can, however, be
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significantly reduced by the introduction of charged moieties
in the cellulose backbone. These charges lead to electrostatic
repulsion between neighboring CNFs, thus counteracting the
strong inter-fibrillar interactions holding the fiber wall together
and facilitating an efficient extraction of individualized CNFs.
In this respect, TEMPO oxidation and carboxymethylation are
two of the most commonly used chemical pathways to intro-
duce carboxyl groups in cellulose.?>-28]

Studies of the colloidal stability of carboxymethylated CNFs
have reported the formation of gels at low solid contents, 230
that can be freeze-dried into aerogels. These nanocellulose
aerogels are highly porous, light, and soft materials.[3!32
Benefiting from the structure and properties of the CNFs,
these aerogels possess high specific surface areas and readily
absorb most liquids.’?* Moreover, CNF aerogels are easy to
tailor using classical cellulose chemistry or the layer-by-layer
approach.l3%3]

Freeze-dried CNF aerogels owe their physical integrity to a
fairly small area of inter-fibrillar contact and disintegrate when
placed in water. However, aerogels need to be wet-stable to
be used in advanced wet applications, such as bioelectronics.
This is commonly achieved by crosslinking the fibrillar struc-
ture, either in the dry or the wet state, with covalent inter-
fibrillar bonds such as ether, urethane, ester, or hemiacetal
linkages.>>-38 Recent studies demonstrated the preparation of
wet-stable aerogels from dialdehyde CNFs by using a simple
freezing, thawing, and solvent exchange procedure.’%*l
Thanks to the absence of critical point drying and freeze-
drying, this process could presumably be fairly easily made
continuous and meet industrial requirements both in terms of
energy consumption and production rate. However, this prepa-
ration procedure requires sodium metaperiodate, whose effi-
cient handling and recovery is still economically and practically
challenging.*>*3]

Algal polysaccharides have recently shown great promise
in the preparation of wet-stable cellulosic networks.***! Due
to their chemical similarity, algal polysaccharides and CNFs
can assemble into double networks.!l Known for their ability
to form supramolecular assemblies when coordinated with
multivalent ions, these natural polysaccharides can, therefore,
be used to lock CNF networks and make them wet stable. A
typical example of such gelling polysaccharides is alginate,
commonly extracted from brown algae. This linear copolymer
of guluronic acid and mannuronic acid is known to form stable
intermolecular crosslinked regions when complexed with
divalent counterions.””] The supramolecular organization of
alginate is described by the commonly accepted, but sometimes
challenged,*¥! “egg-box” model.*’]

Aerogels have both interconnected porous structures and
high specific surface areas. Therefore, they could be used
as substrates to prepare devices with high loadings of active
materials. When functionalizing cellulose aerogels it is essen-
tial to have a good interaction between the cellulose and the
added components. In this respect, CNFs have been shown to
be highly compatible with numerous conducting and redox-
active polymers.36395051  Among the commercially avail-
able conducting polymers, poly(3,4-ethylenedioxythiophene)
(PEDOT) distinguishes itself by displaying high conductivity,
good biocompatibility, and low toxicity.’? PEDOT and CNFs
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have been combined to prepare a variety of organic electronic
devices; an exemplary work of this was published by Malti et al.
in which the PEDOT-CNF composite displayed unprecedented
high conductivity of both ions and electrons.’3> Recent
studies also show that PEDOT can self-assemble into intercon-
nected, highly-conducting structures along CNFs.[>>>0]

This study presents a novel and environment friendly
method to prepare wet-stable organic aerogels. Gels of car-
boxymethylated CNFs and alginate were prepared at different
ionic strengths and with countercations of different valen-
cies. These gels were turned into highly porous substrates
by freezing, thawing, solvent-exchange, and finally ambient
drying. Wet stability was achieved after post-treating the
aerogels in solutions containing multivalent ions. Advanced
applications often require complex material shaping and
design. Therefore, the possibility of 3D printing the CNF-
alginate double networks has been demonstrated and organic
aerogels of intricate shapes were prepared. It was also shown
that highly conductive aerogels with very high loadings of
PEDOT could be prepared using an in situ polymerization
approach. These functionalized aerogels were then charac-
terized as energy storage as well as pressure and humidity
sensor materials.

2. Aerogels from Cellulose Nanofibers
and Sodium Alginate

2.1. Principles of Aerogel Making

Aerogels were prepared according to the processing route
shown in Figure la (see Experimental Section for a complete
description of the procedure). Two different carboxymethylated
CNF-to-alginate ratios were studied in detail (80:20 w/w and
100:0 w/w), as well as three different ionic strengths of sodium
chloride and calcium chloride (no added salt, 10 x 1073 m and
100 x 10~* m ionic strength additions).

The formation of a porous structure that withstands ambient
drying relies on the ice-templating of colloidal systems.F”) As
the water in the gel freezes, the CNFs are gradually excluded
from the growing ice crystals. The distance between CNFs
consequently decreases, forcing them together into an inter-
connected lamellar structure. By using suitable gel formula-
tions, the lamellae can be made strong enough to withstand
thawing of the ice and ambient drying from a low-boiling-
point, non-polar solvent such as acetone. As shown in
Figure 1b,c, the formation of a stable, porous structure largely
depends on the ionic strength within the gel during mixing
and freezing. Without any salt added, the CNF networks col-
lapsed during drying. However, the aerogels prepared at
higher ionic strengths, both in presence of NaCl and CaCl,
(10 x 1073 M and 100 x 1073 m ionic strength), underwent sig-
nificantly lower shrinkage upon drying, thus displaying lower
densities. CNFs and charged polysaccharides such as alginate
have been shown to form strong networks in the presence of
multivalent, complexing cations such as Ca?*.*l However, none
of the aerogels made by adding 100 x 1073 M of monovalent
NaCl collapsed significantly during drying, indicating that the
strength of the porous structure cannot solely be explained by
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Figure 1. a) Schematic summary of the protocol for preparing the aerogels using CNFs, alginate, and salt. b) Densities, volumetric shrinkages, and
c) photographs of aerogels prepared from mixtures of different ionic strengths, alginate, and CNF contents (all photographs are presented at the

same scale).

this complexation mechanism. A look at the colloidal stability
of the system provides an insight into the phenomena taking
place. Both carboxymethylated CNFs and alginate carry a sig-
nificant amount of carboxylic groups. At pHs close to neutral,
which corresponds to the conditions used for the preparation
of the aerogels, these functional groups are deprotonated, thus
negatively charged. When this highly-charged colloidal system
is frozen at low ionic strengths, electrostatic repulsion between
the nanofibers inhibits physical contact. As salt is added to the
system, repulsive electrostatic forces are screened over a longer
range, and the distance at which the nanofibers start repelling
each other decreases.”’! Therefore, a closer contact between
the nanofibers, resulting in mechanically stronger lamellae,
is expected when freezing the gels prepared with additions of
either NaCl or CaCl. Consequently, these samples could resist
the structural stress caused by the destructive capillary forces
during evaporation; whereas the ones prepared without any salt
addition largely collapsed. It is worth noting that ice crystals
have been shown to push CNFs close enough toward each other
to establish chemical contact in a previous study.*!l

As shown in Figure 1b,c, the presence of 20 wt% alginate only
seems to have a significant impact on the volumetric shrinkage
and density of the aerogels prepared with 10 x 1073 m NaCl.
The samples prepared without any alginate in 10 x 1073 m NaCl
were largely deformed or collapsed, whereas those prepared
with 20 wt% alginate and 10 x 1073 m NaCl retained their highly
porous structure throughout the drying. This positive effect
of adding alginate could be explained by a reinforcement of
the lamellar structure owing to the entanglement of the algi-
nate molecules with the CNFs, and/or by better electrostatic
screening of their charges. Bearing a significantly higher charge
than the CNFs, alginate brings a large amount of counter ions
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into the system and thus causes a significant increase of the
ionic strength in the lamella during freezing. Samples prepared
with the addition of 10 x 107 m CaCl, present similar densities
and volumetric shrinkages, regardless whether alginate was
added to the formulation or not. This observation indicates that
CNFs form stronger structures using CaCl, than NaCl, which is
in accordance with previously reported studies.’® For the sake
of clarity, the aerogels will, from now on, be named according
to following notation: “x:y z X 107 m S”, where x corresponds to
the weight fraction of CNFs, y the weight fraction of alginate, z
the added ionic strength, and S is the type of salt added; NaCl
or CaCl,.

2.2. Achieving Wet-Stability

Wet-stability (the ability of a material to keep its structural
integrity when handled in the wet-state) is a property that cel-
lulose aerogels must possess to be used in numerous advanced
applications, such as in energy storage devices with liquid elec-
trolytes. In this study, the wet-stability of the materials was
assessed as their ability to endure four consecutive compres-
sion cycles of increasing maximum compressive strain (20%,
40%, 60%, and 80%) in the wet state. Prior to compression
testing, the samples were soaked overnight, from the dry state,
in different salt solutions.

None of the samples discussed in Section 2.1 endured the
cyclic testing after being soaked in an NaCl solution. A rep-
resentative sample is shown in Figure 2a, where an 80:20
10 x 1073 m CaCl, sample was soaked in a 1 M NaCl solution
prior to testing, and broke at a compressive strain of about 40%.
However, the same sample became wet-stable when soaked in

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Assessing the wet stability of the aerogels by soaking them in
different salt solutions from the dry state and submitting them to com-
pression cycles with increasing maximum strains (sample compositions
abbreviated as “x:y z X 1073 m S” where x corresponds to the weight frac-
tion of CNFs, y the weight fraction of alginate, z the added ionic strength,
and S is the type of salt added during aerogel making; NaCl or CaCl,).
The plots show that only the samples containing alginate and soaked in
1 m CaCl, (b and d) endured the four consecutive compression cycles
without noticeable structural damage and, consequently, were deemed
“wet-stable.”

1 M CaCl,, as it could successfully be deformed to 80% com-
pression without any noticeable structural damage (Figure 2b).
To investigate the reasons for the material's wet-stability, 100:0
10 x 1073 M CaCl, samples were also soaked in a 1 m CaCl, solu-
tion and compressed. As shown in Figure 2c, these alginate
free samples started to mechanically fail at compression strains
of about 60%. In summary, only samples containing alginate
and that have undergone an ion-exchange in CaCl, solution dis-
played complete wet-stability.

In a previous study, CNF-alginate nanocomposites with
high wet-strengths were prepared by soaking dry nanocom-
posite films in CaCl, solutions.*¥! The Young’s moduli, tensile
strengths, and toughnesses of these films were far superior to
those of pure CNFs or pure alginate. However, when a wet CNF-
alginate film was soaked in a calcium solution, i.e., without
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any intermediate drying, no strengthening was observed. The
authors described the structure of the material as two distinct,
interpenetrated networks of CNFs and alginate which are, in
the dry state, close enough to for the calcium ions to induce
a significant attractive interaction between their different com-
ponents. The structure of these nanocomposite films is similar
to that of the lamellae formed in the ice-templated aerogels
described in this work. A similar reinforcement mechanism
can hence be also presumed in these wet-stable aerogels.

Aerogels prepared from gels of higher ionic strengths also
showed wet-stability, but were significantly weaker in the
wet state (Figure 2d). In a previous study, CNFs were shown
to severely aggregate when the ionic strength addition was
increased from 10 to 100 x 107 m.2l Hypothetically, when
forced together by growing ice crystals, aggregates would form
lamellar structures that are more loosely bound than the ones
formed from individual CNFs. Therefore, the lamellae formed
at 100 x 1073 wm ionic strength addition should expectedly be
mechanically weaker than those formed at 10 x 107> M. The
wet mechanical properties of the resulting aerogels are then
expected to be worse when the starting ionic strength addition
increases from 10 to 100 x 107 M. Consequently, the aerogels
presented in the latter parts of this study were prepared using
10 x 107 m CaCl,, as they display both low density and good
mechanical properties in the wet-state. Although the aerogels
were soaked overnight as a standard procedure, they displayed
wet-stability as soon as they were fully hydrated with calcium
solutions (with ionic strength in the 0.1-1 m range). Conse-
quently, the kinetics of the ion exchange to calcium were not
further investigated.

2.3. Tailoring Structural and Mechanical Properties of Aerogels

As shown in Figure 3a, the prepared aerogels display an open
and porous structure with pore radii ranging from a few tens
to a few hundreds of micrometers. The structure is made of
cell windows, which meet three by three into struts (Figure 3b).
Similar structures and pore sizes have been reported for low
density materials prepared by freezing CNFs.31323959 Figure 3a
also shows that the microstructure seems unaffected by the
ionic strength of CaCl, used during material preparation. This
observation is supported by automated porosimetry measure-
ments (Figure 3¢),® as the cumulative pore volume distribu-
tions of the materials prepared with additions of 10 x 1073 m
and 100 x 1073 m CaCl, both show average pore diameters of
about 60 um. This indicates that the size of the ice crystals
formed during freezing is not significantly altered over the
range of salt concentrations tested.

Although the autoporosimeter cannot probe pore diameters
below 4 wm, it is possible to determine the volume of water
left in smaller pores by weighing the samples before and
after the measurement. Aerogels prepared with additions of
10 x 1073 M CaCl, and 100 x 107 M CaCl, were thereby found
to retain 35% and 21% (v/v) of the initially absorbed water in
pores with diameters below 4 pum, respectively. When water
is frozen at —18 °C from ambient temperature, it is highly
unlikely to form ice crystals and, consequently, pores in an ice-
template structure that are smaller than 4 um.®!! A significant

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Scanning electron microscope (SEM) micrographs of 80:20 aerogels prepared with additions of 10 x 103 m CaCl, (left) and 100 x 1073 mm
CaCl, (right), b) SEM micrograph of the windows and struts of an 80:20 10 x 10~ m CaCl, aerogel. c) Normalized differential pore volume distributions
of 80:20 10 X 1073 m CaCl, and 80:20 100 x 103 m CaCl, aerogels. d) Compression curves of 80:20 10 x 10~ m CaCl, aerogels in the dry state prepared
from different initial CNF concentrations. €) Compression curves of 80:20 10 x 1073 m CaCl, and 50:50 10 x 1073 m CaCl, aerogels in the wet state.

amount of the absorbed water is hence present inside the win-
dows and struts, which are constituted of a nanostructured
CNF and alginate double network. Consequently, the struc-
ture of the wet aerogel presents a bimodal pore size distribu-
tion, with both pores on the 10s of micrometer scale and on
the nanometer scale. These aerogels are particularly interesting
for liquid absorbency applications, as larger pores enable a fast
spreading and smaller pores retain liquids at high pressures.[®?]

Aerogels prepared with 10 x 107 M CaCl, retained more
water in pores with diameters below 4 um than for the ones
prepared with 100 x 1073 M CaCl, (with corresponding volume
fractions of 35% and 21%, respectively). This indicates that a
greater fraction of the total aerogel volume corresponds to
the nanopores in the samples prepared at lower salt concen-
trations. As discussed in the previous section, a greater ionic
strength could potentially lead to increased aggregation of the
CNFs. Hence, the struts and windows of the aerogels prepared
at 100 x 1073 m CaCl, are expected to be made of a more aggre-
gated, therefore less porous, CNF-alginate double network. To
better understand the effect of the ionic strength on the nano-
structure of the material, non-invasive and high-resolution
imaging techniques, such as X-ray nanotomography, should
be employed. This was, however, beyond the scope of this
investigation.
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The dry and wet mechanical properties of the aerogels were
evaluated using a single compression cycle and a maximum
strain of 80%. Compression curves of porous materials generally
show three distinct regions: a low-strain region where the cell
wall displays elastic stretching and bending, an intermediate-
strain region where the cell walls collapse and a high-strain
region where the material densifies as opposite cell walls come
in contact with each other.®¥l As shown in Figure 3d, aerogels
prepared from CNF gels of higher solid contents are mechani-
cally stronger in the dry state, both in the intermediate and in the
high strain regions. This indicates that a larger mechanical stress
in needed to collapse and compress cell walls of higher densities.
As displayed in Figure S1 (Supporting Information), increasing
the solid content of the CNF gel (from 7.5 to 19.5 g L) also
resulted in aerogels with higher density (from 24 to 39 kg m™)
and compressive stiffness (from 97 to 275 kPa), which is in good
accordance with previously reported work.3*%4 In the elastic
deformation regime, the aerogels benefit from the outstanding
stiffness of the CNFs, thus explaining their high elastic moduli
to density ratios. As shown in Figure S2 (Supporting Informa-
tion), aerogels present similar compressive behaviors when pre-
pared with ionic strength additions of 10 and 100 x 10~ m. Con-
sequently, the dry-state mechanical properties of the aerogels
mainly rely on the solid content of the CNF gel.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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As discussed, the preparation of aerogels that are mechani-
cally strong in the wet state relies on the inclusion of alginate.
Figure 3e shows the compression behavior of wet aerogels pre-
senting two different CNF-to-alginate ratios (50:50 and 80:20).
Prior to testing, the samples were soaked from the dry state
in a 1 M CaCl,, thus made wet-stable. The 50:50 samples are
stronger than the 80:20 in the densification regime, while no
obvious difference can be seen in the initial stages of compres-
sion. Therefore, this strength enhancement is a plausible con-
sequence of an increase in density (from 39 + 3 kg m~ for the
80:20 samples to 55 + 5 kg m3 for the 50:50 samples), and not
due to a better wet-stabilization of the structure.

2.4. Material Shaping Considerations: Toward 3D Printing

Advanced technological applications require materials that are
easily prepared into a large array of shapes. For instance, the
design of many electronic devices often involves materials with
complex shapes, formed with a submillimeter resolution. This

Cellulose
nanofiber

Divalent ion

-
P
)
o)
N,
)
ga
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holds even more true for medical applications, such as tissue
engineering and wound healing, where the materials have to be
geometrically tailored with high precision.

In this respect, 3D printing enables a fast and continuous
preparation of products of virtually any shape. Gel-like mate-
rials are readily printed using pressure-driven printers, also
known as bioprinters. Alginate and CNF mixtures have already
been demonstrated as being suitable for 3D printing, #6560 ag
the ratio of alginate to CNF and the ionic strength give a precise
control over the viscosity of the gel, making it possible to print
thin and stable gel layers. As shown in Figure 4, a 3D-printing
step can be implemented in the aerogel preparation route. Algi-
nate and CNF mixtures can be printed into intricate shapes and
successively frozen, thawed, solvent exchanged, and dried into
highly porous networks. Figure 4b—d shows aerogels made by
3D-printing of 80:20 10 x 1073 M CaCl, gels. Figure 4b shows
an aerogel shaped as a honeycomb; before and after drying with
acetone. Although a shrinkage was observed upon drying, the
structural features were preserved and the resulting aerogel
shows a submillimeter patterning resolution. Figure 4c,d

Figure 4. a) Schematic summary of the protocol for the 3D printing of alginate and CNFs mixtures and subsequent aerogel fabrication. Photos of
b) 3D-printed aerogel grids before (left) and after (right) drying, c) 3D-printed aerogels of cylindrical shape, and d) layered aerogels that were 3D-printed
by a dual-extrusion approach where the dark layers contain a mixture of CNFs, alginate, and PEDOT:PSS, and the translucent layer a mixture of CNFs
and alginate (the samples shown on (c) and (d) have been soaked in water).

Adv. Funct. Mater. 2020, 30, 1909383 1909383 (6 of 11) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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show cylindrical aerogels prepared by 3D printing eight layers
of material, using a simple and dual extrusion approach,
respectively. For the latter, two different printing heads were
used to achieve the layered structure shown in Figure 4d:
one containing a mixture of CNFs, alginate and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
(dark layers) and one containing a mixture of CNFs and alginate
(translucent layers). No visible diffusion of the PEDOT:PSS
from the dark to the translucent layers was observed throughout
the preparation of layered aerogels. This observation was fur-
ther confirmed by connecting an ohmmeter to the two PEDOT
rich regions, showing the absence of an electrically conducting
path through the separating layer. This demonstrates the pos-
sibility of preparing aerogel supercapacitors through addi-
tive manufacturing, where the two PEDOT:PSS-containing
sections act as electrodes, separated by insulating layers con-
taining CNFs and alginate. The use of aerogels for energy
storage applications is further discussed in Section 3.2.

3. PEDOT:TOS-Functionalized Aerogels

3.1. An In Situ Polymerization Approach

PEDOT 1is commercially available as aqueous dispersions
of PEDOT:PSS colloidal complexes, which have been exten-
sively used together with CNFs to prepare conducting
composites.’3¢7%8 These dispersions are, however, only avail-
able in low concentrations, typically between 1.3 and 5 wt%,
thus making the preparation of materials with high PEDOT
loadings rather tedious. Moreover, a significant excess of non-
conducting PSS is used in these formulations to increase the
dispersibility of the colloidal complexes in water. Large vol-
umes of organic solvents, such as DMSO or ethylene glycol,
are then required to remove this surplus and create a con-
ducting pathway in the PEDOT:PSS treated materials. Alterna-
tively, high PEDOT loading can be achieved by polymerizing
3,4-ethylenedioxythiophene (EDOT). The post-treatment in
organic solvents can be circumvented by using a smaller coun-
terion, such as tosylate (TOS), instead of PSS. PEDOT poly-
merization is typically done by either vapor phase polymerization
or aqueous-oxidative polymerization.’? These polymerization
approaches can be used to functionalize surfaces provided there
is good chemical affinity with PEDOT. Han et al. have reported
an aqueous synthesis of PEDOT nanoparticles using EDOT,
p-Toluenesulfonic acid (PTSA) as dopant and ammonium per-
sulfate (APS) as initiator of the polymerization.l®! When using
a methanolic silica solution as the reaction media, they demon-
strated the successful polymerization of EDOT onto the surface
of the nanosilica network."!

A similar polymerization procedure was used to function-
alize the prepared aerogels (see Experimental Section), shown
in Figure 5a, yielding EDOT conversion rates of typically
25-47% (see Supporting Information for the calculations).

Figure 5b,c show the microstructure of an 80:20 10 x 1073 m
CaCl, aerogel functionalized with PEDOT:TOS, at a material
loading of 1.7 g g7! (mass of PEDOT:TOS per gram of aerogel).
These micrographs show that the internal surfaces of the
aerogels are completely covered with spherical nanoparticles
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ac<

H,O
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,-_ polymerization @
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Figure 5. a) Schematic of the experimental procedure used for the in situ
polymerization of EDOT in aerogels. b) SEM micrograph of an internal
surface of a PEDOT:TOS-functionalized aerogel and c) magnification of
the surface shown in (b), showing how the PEDOT:TOS nanoparticles
cover one of the inner surfaces of the aerogel.

of PEDOT:TOS. Due to the hydrophobic nature of both the
EDOT and PEDOT:TOS, the nanoparticles precipitate on the
surfaces of the aerogel. Different PEDOT loadings can be
achieved by changing the EDOT concentration in the reaction
mixture (while adjusting the APS and PTSA concentrations
accordingly). The samples showed an electrical conductivity as
high as 5.7 S m™!, measured using a 4-point probe. In order
to compare the electrical properties of materials of different
densities, the reported conductivities are generally normalized
by the volume fraction occupied by the conducting component

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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-1, measured in a) ace-

tonitrile with 0.1 m TBAHFP and b) water with 0.1 m NaCl. ¢) Galvanostatic charge—discharge profile of a PEDOT-functionalized aerogel at a current

of 0.1TAg™.

(see Supporting Information). The normalized conductivity
of the PEDOT-functionalized aerogels was calculated to be
146 + 8 S m~L. This value compares well with the one reported
in recently published studies regarding aerogels solely made
from freeze-dried PEDOT:PSS dispersions.”’=73 This result is
remarkable since the cellulose and alginate represent a large
weight fraction of the material (37% at a loading of 1.7 g g7}),
and can be considered as electrical insulators. No substan-
tial variation in the electrical conductivity was found when
comparing PEDOT loadings of 1 and 1.7 g g}, as a fully
interconnected network of PEDOT nanoparticles was already
observed at loadings of 1 g g™%.

3.2. Application as Energy Storage Materials

Figure 6a shows a typical cyclic voltammogram (CV) obtained
from PEDOT-functionalized aerogels, compared to a non-func-
tionalized aerogel (see Supporting Information for more details
about this experimental procedure). These measurements were
carried out in acetonitrile using 0.1 M tetrabutylammonium
hexafluorophosphate (TBAHFP), enabling a scan of a larger
voltage window than possible in water. The shape of the CV
curve is similar to those reported in previous studies, showing
a large supercapacitive region (between —0.6 and 0.6 V vs. a Pt
pseudo-reference electrode) and irreversible PEDOT oxidation
at high positive potentials.”4

The results shown in Figure 6b,c were obtained from
measurements in water using 0.1 M NaCl as supporting elec-
trolyte. Supercapacitive behavior is observed in the 0-0.6 V
region, using low voltage-sweep rates and charge/discharge
currents, indicated by the square shape of the CV curve
shown in Figure 6b, as well as the absence of a significant
voltage drop during cycling (Figure 6¢). As shown in Table S1
(Supporting Information), the measured specific capaci-
tance, i.e., capacitance normalized with the mass of active
substance, was as high as 78 F g1 at 0.1 A g% (or 49 F g7,
when instead normalized with the total mass, including CNF
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and alginate), which is in good accordance with previous
investigations.[”>76]

3.3. Application as Pressure and Humidity Sensors

Conducting aerogels have historically been used in numerous
sensing applications as their electrical conductivity is generally
sensitive to external stresses. Depending on the structure and
chemical nature of the aerogels, they can be used to measure
physical quantities such as temperature, mechanical stress,
humidity, and the presence of specific gases.[°8777]

When compressed in the wet-state, the PEDOT-functional-
ized aerogels show an increase in electrical conductivity, as the
bending and densification of the cell walls lead to the forma-
tion of more contacts between the PEDOT-rich regions. If the
mechanical deformation is reversible, the stress or strain levels
of such aerogels could be determined by measuring their elec-
trical conductivity. As shown in Figure 7a, the use of PEDOT-
functionalized aerogels as pressure sensors was studied by
measuring the material's resistance upon cyclic compres-
sive deformation. During compression, the resistance slowly
decreases in the cell-wall bending region before drastically
decreasing at the onset of densification (when opposite PEDOT-
covered surfaces are compacted together). Consequently, the
resistance of the material does not scale linearly with the com-
pression and seems to follow its different regimes of deforma-
tion. During the first compressive cycle, the resistance of the
material decreased from 20 Q to 10 Q during loading before
increasing up to almost 60 Q upon unloading. The observed
increase in resistance in the unloaded state (from 20 Q to
60 Q) is most-likely due to mechanical damage inflicted to the
PEDOT structure during the first cycle. However, on repeated
compression—-decompression cycles, the resistance would
reversibly cycle between 10 Q (compressed) and 60 Q (decom-
pressed), thus demonstrating the sought-after, pressure sensor
behavior (see Supporting Information for a mathematical fit-
ting of a compression/decompression cycle).

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) Resistance of a PEDOT-functionalized aerogel during five
consecutive cycles of compression. b) Resistance of a PEDOT-functional-
ized aerogel as a function of the surrounding relative humidity.

As cellulose is a hygroscopic material that changes dimen-
sion as it sorbs water, it has also been used to design moisture
sensors.[B% Therefore, the PEDOT-functionalized aerogels were
tested for humidity sensing. Figure 7b shows that the mate-
rial's resistance gradually decreases from 20 Q at 20% RH to
15 Q at 90% RH. This result is noteworthy, as the electrical
performance of PEDOT-based materials is generally degraded
in humid conditions.’? As the humidity increases, more water
sorbs in the cellulose structure, causing it to swell and, presum-
ably, increasing the contact area between the PEDOT-covered
surfaces. When the humidity later is decreased, water is des-
orbed, the structure shrinks and the material becomes less con-
ducting. The plot shown in Figure 7b, however, presents a rather
large hysteresis. This is not surprising since each humidity step
of this experiment was only maintained over 30 min and it
usually requires longer times for cellulose to reach its equilib-
rium moisture content (especially during desorption, which is
a slower process). Furthermore, cellulose is known to display
sorption hysteresis even at equilibrium conditions, but a recent
study shows that the hysteresis can be removed by using modi-
fied grades of cellulose;®! therefore, it is presumably feasible to
prepare sensors where the relative humidity is a true function
of the electrical conductivity of the aerogel.
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4. Conclusion

A novel, green, and efficient way of preparing wet-stable aero-
gels from CNFs and alginate has been demonstrated. Relying
on simple freezing, solvent exchange and ambient drying steps,
this method could enable a large-scale production of cellulosic
aerogels, which has hitherto been unachievable.

It has also been shown that the ionic strength in the CNF gel
governs the structure and mechanical properties of the aero-
gels. By using a controlled addition of salt, in this case NaCl or
CaCl,, the volumetric shrinkage of the aerogels during drying
was reduced to 30% (as opposed to a complete collapse). When
preparing aerogels from CNF gels of different solid contents,
their mechanical properties in the dry state were shown to scale
with an increase in their density; with elastic moduli as high as
275 kPa at a density of 39 kg m=.

The aerogels were successfully made wet-stable when soaked
in concentrated calcium solutions, making them suitable for
use in applications where wet integrity is a pre-requisite; such
as cell-growth scaffolds and organic electronics. This novel
post-treatment method is simpler and greener than the current
state-of-the-art crosslinking methods and makes the pro-
cess suitable for industrial scale manufacturing of wet-stable
aerogels. In combination with this, the ability to 3D print the
aerogels has also been demonstrated which allows the mass
production of aerogels in any printable shape, a distinct advan-
tage for some applications such as tissue engineering where
each device needs to be individually shaped with high precision.

Finally, to demonstrate the usefulness of these aerogels
in the field of organic electronics, we developed an aqueous
in situ polymerization protocol to functionalize the mate-
rial with PEDOT. Electrical conductivities of 146 S m™ were
achieved with loadings of 1.7 g of PEDOT:TOS per gram of
aerogel. These functionalized aerogels were shown to be par-
ticularly interesting as energy storage materials, showing spe-
cific capacitances as high as 78 F g7'. Additionally, their use
as mechanical deformation and relative humidity sensors has
been demonstrated.

5. Experimental Section

Materials: CNFs (carboxymethylated with a total charge of
600 + 50 umol g') were provided by RISE Bioeconomy AB in the
form of a 2 wt% aqueous gel (see Supporting Information for a
complete description of the preparation procedure). Sodium alginate
(high viscosity) was purchased from VWR International. PEDOT:PSS
(CLEVIOS™ PH 1000) was purchased from Heraeus. NaCl (=99.0%),
CaCl, (dihydrate, >99.0%), PTSA (monohydrate, >98.5%), APS
(=98.0%), TBAHFP (299.0%), and acetonitrile (anhydrous, >99.8%)
were purchased from Sigma Aldrich. EDOT (97%) was purchased from
Alfa Aesar.

Aerogel Preparation Procedure: CNFs, alginate, and salt (from
concentrated solutions of sodium chloride or calcium chloride) were
mixed together using a using a high-shear mixer (Ultra-Turrax T25®,
Ika), in batches of 100 g, at 14 000 rpm. All samples, apart from the
ones displayed in Figure 3c, were prepared using a CNF solid content
of 19.5 g L™". The gel mixtures were then cast into closed cylindrical
polystyrene molds, frozen at —18 °C and kept at this temperature
overnight to ensure a complete freezing. The samples were then thawed
by submerging the molds in ethanol. Once completely thawed, the
samples were removed from the molds, solvent exchanged to acetone
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by a total of three, 30 min long, consecutive steps and, finally, allowed to
dry under ambient conditions.

3D Printing: The 3D printing of CNF and alginate gels was carried
out using a BIO X 3D bioprinter (Cellink®). The bioprinter uses piston-
driven syringe heads and the material flow is regulated by the print
pressure. Great attention was paid not to introduce air bubbles while
mixing the gel and transferring it to the syringe heads. The gels were
printed at room temperature using 410 um high-precision conical
nozzles at a print pressure of 20-40 kPa. Since gels of different
formulations present large disparities in viscosity, the print head speed
and print pressure were manually adjusted for each print.

In Situ Polymerization of PEDOT:TOS: EDOT (0.2 g L") was vigorously
dispersed in an aqueous solution of methanol (2 vol%) and PTSA (1 m).
The polymerization was triggered by the addition of APS in equimolar
ratio with EDOT. The mixture was then quickly stirred, poured onto,
and absorbed into the aerogel before being left to polymerize for 24 h.
Cylindrical aerogels with a diameter, height, and weight of approximatively
30 mm, 9 mm, and 250 mg, respectively were fully saturated with 5.5 mL
of solution. The solutions were typically prepared in 20 mL vials. The
mixing steps were carried out using a vortex mixer (VWR International). In
order to prevent evaporation of the water-methanol solution, the aerogel
was placed into a desiccator previously saturated with water vapor. The
aerogel was thereafter soaked in large volumes of Milli-Q water to remove
the APS and excess PTSA and then in ethanol to rinse away any remaining
unreacted EDOT. Prior to ambient drying, the functionalized aerogels
were solvent-exchanged to acetone. The polymerization and rinsing steps
were both carried out at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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