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1
SUSTAINABLE HYBRID ORGANIC
AEROGELS AND METHODS AND USES
THEREOF

STATEMENT OF GOVERNMENT RIGHTS

This invention was made with government support under
11-JV-11111127-098 awarded by the USDA/FS. The gov-
ernment has certain rights in the invention.

TECHNICAL FIELD

The present technology relates generally to the field of
aerogel compositions and to various methods for producing
the aerogel compositions. In addition, the present technol-
ogy pertains to applications of the aerogel compositions and
devices which utilize the new aerogels.

BACKGROUND

The following description is provided to assist the under-
standing of the reader. None of the information provided or
references cited is admitted to be prior art to the present
technology.

Aerogels are lightweight materials that have drawn sig-
nificant attention due to their combination of unique prop-
erties including a high porosity (typically 95%-99%), low
density (typically less than 400 kg/m?), high specific surface
area, excellent thermal, acoustic, and electrical conductivi-
ties, and low dielectric constant. Over the past 70 years,
researchers have mostly focused on developing inorganic
aerogels such as silica, clay, and metal oxide aerogels. For
instance, NASA has developed a series of silica-based
inorganic aerogels for various space applications such as
launch vehicles, space shuttle upgrades, interplanetary pro-
pulsion, space suits, and life support equipment. Various
types of inorganic-based aerogels have also been developed
and commercialized for applications in the structural insu-
lation, clothing, aviation, automotive, and aerospace indus-
tries. However, inorganic (mainly silica) aerogels often
suffer from intrinsic brittleness and a relatively high density
(100-400 kg/m®), which consequently limits their use in
applications where tough, strong, and low-density materials
are required.

SUMMARY

The present technology provides hybrid organic aerogels
having low densities and excellent mechanical properties
suitable for a wide array of applications. The present hydro-
gels include a water-soluble organic polymer, cellulose
nanofibrils and/or nanocrystals, and carbon nanotubes or
water-soluble graphene oxide. The water-soluble polymer
and optionally cellulose nanofibrils and/or nanocrystals may
be cross-linked such that they are no longer water-soluble.
These aerogels are highly porous with large surface to
volume ratios and great specific compressive strength.

The present technology further provides methods of mak-
ing the hybrid organic aerogels and articles incorporating
such aerogels such as various types of insulation and insu-
lators.

The foregoing summary is illustrative only and is not
intended to be in any way limiting. In addition to the
illustrative aspects, embodiments and features described
above, further aspects, embodiments and features will
become apparent by reference to the following drawings and
the detailed description.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a bar graph of the densities of illustrative
embodiments of aerogels made from various formulations,
including one or more of cellulose nanofibrils, graphene
oxide, and polyvinyl alcohol. The aerogels are either cross-
linked (as indicated) or non-crosslinked.

FIG. 2A is a graph comparing the compressive behaviors
of illustrative embodiments of aerogels made from various
formulations of cellulose nanofibrils, water-soluble gra-
phene oxide, and polyvinyl alcohol that are either cross-
linked or non-crosslinked. For clarity, the legend lists the
aerogel formulations in descending order to match the order
at 80% strain on the x-axis (i.e. PVA/CNF/GONS (cross-
linked), PVA/CNF (crosslinked), PVA/CNF/GONS, PVA/
CNF, PVA (crosslinked), CNF/GONS, PVA, CNF, GONS).
FIG. 2B is a graph comparing the compressive behaviors (at
80% strain) of illustrative embodiments of aerogels of
different compositions as prepared in Example 4.

FIG. 3 is a bar graph comparing the specific compressive
strengths of illustrative embodiments of acrogels made from
various formulations of cellulose nanofibrils, water-soluble
graphene oxide, and polyvinyl alcohol that are either cross-
linked or non-crosslinked.

FIGS. 4A, 4B and 4C show SEM images of cellulose
nanofibrils (4A), crosslinked polyvinyl alcohol (4B), and
crosslinked polyvinyl alcohol/cellulose nanofibrils/water-
soluble graphene oxide (4C) aerogels prepared via freeze-
drying. The scale bar is 2 um.

FIG. 5 shows contact angle measurements at different
times (in seconds) of a) pristine polyvinyl alcohol/cellulose
nanofibrils/water-soluble graphene oxide aerogels, b) poly-
vinyl alcohol/cellulose nanofibrils/water-soluble graphene
oxide aerogels treated with Silane 1, and ¢) polyvinyl
alcohol/cellulose nanofibrils/water-soluble graphene oxide
aerogels treated with Silane 2, using water droplets.

FIG. 6A is a graph showing the swelling characteristics of
illustrative embodiments of polyvinyl alcohol/cellulose
nanofibrils/water-soluble graphene oxide acrogels before
and after silane treatment. FIG. 6B is a magnified version of
the bottom of FIG. 6A. For clarity, the legend lists the
aerogel formulations in descending order to match the order
at about 1400 minutes on the x-axis (i.e. PVA/CNF/GONS
(crosslinked) (off-scale), PVA/CNF/GONS (non-cross-
linked) silane 2, PVA/CNF/GONS (crosslinked) silane 2,
PVA/CNF/GONS (non-crosslinked) silane 1, PVA/CNF/
GONS (non-crosslinked) silane 1).

FIG. 7 is a graph of the weight loss of illustrative
embodiments of polyvinyl alcohol/cellulose nanofibrils/wa-
ter-soluble graphene oxide aerogels measured by thermo-
gravimetric analysis (TGA) as a function of temperature. For
clarity, the legend lists the aerogel formulations in descend-
ing order to match the order at 700° C. on the x-axis (i.e.
PVA/CNF/GONS (crosslinked) silane 2, PVA/CNF/GONS
(non-crosslinked) silane 2, PVA/CNF/GONS (crosslinked),
PVA/CNF/GONS  (non-crosslinked), PVA/CNF/GONS
(non-crosslinked) silane 1, PVA/CNF/GONS (crosslinked)
silane 1).

FIG. 8 is a bar graph comparing the BET specific surface
areas of illustrative embodiments of polyvinyl alcohol/
cellulose nanofibrils/water-soluble graphene oxide aerogels,
and their composites.

FIG. 9 is an SEM image of (A) polyvinyl alcohol (25.42
kg m™>), (B) polyvinyl alcohol/cellulose nanofibrils (26.83
kg m™), and polyvinyl alcohol/cellulose nanofibrils/hy-
droxylated multiwalled carbon nanotube-1, 2, 3, and 4
aerogels with a density of (C) 14.55, (D) 20.13, (E) 26.00,
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and (F) 30.62 kg m™, respectively, prepared by freeze-
drying. The scale bars are 10 um and 2 pm for the main and
inset pictures, respectively.

FIG. 10A is a graph showing the compression stress-strain
curves of polyvinyl alcohol, polyvinyl alcohol/cellulose
nanofibrils, and illustrative embodiments of polyvinyl alco-
hol/cellulose nanofibrils/hydroxylated multiwalled carbon
nanotube-3 aerogels at similar densities (~26 kg/m?). FIG.
10B is a graph showing the compression stress-strain curves
of illustrative embodiments of polyvinyl alcohol/cellulose
nanofibrils/hydroxylated multiwalled carbon nanotube-1, 2,
3, and 4 aerogels with varying densities.

FIG. 11A is a graph showing the Young’s modulus (E*) of
the exponential correlation of the yield stress (E*) and
relative density (p*/p,) of illustrative embodiments of poly-
vinyl alcohol/cellulose nanofibrils/hydroxylated multi-
walled carbon nanotube aerogels. FIG. 11B is a graph
illustrating the exponential correlation of the yield stress
(o*) and relative density (p*/p,) of illustrative embodiments
of polyvinyl alcohol/cellulose nanofibrils/hydroxylated mul-
tiwalled carbon nanotube aerogels.

FIG. 12A is a graph showing the thermogravimetric
analysis (TGA) curves of illustrative embodiments of poly-
vinyl alcohol/cellulose nanofibrils and polyvinyl alcohol/
cellulose nanofibrils/hydroxylated multiwalled carbon nano-
tube-3 aerogels at a similar density (~26 kg m~>). FIG. 12B
is a graph illustrating the TGA curves of illustrative embodi-
ments of polyvinyl alcohol/cellulose nanofibrils/hydroxy-
lated multiwalled carbon nanotube-1, 2, 3, and 4 aerogels at
different densities.

DETAILED DESCRIPTION

In the following detailed description, reference is made to
the accompanying drawings, which form a part hereof. In
the drawings, similar symbols typically identify similar
components unless context dictates otherwise. The illustra-
tive embodiments described in the detailed description,
drawings, and claims are not meant to be limiting. Other
embodiments may be utilized, and other changes may be
made, without departing from the spirit or scope of the
subject matter presented here.

The technology is described herein using several defini-
tions, as set forth throughout the specification.

For the purposes of this disclosure and unless otherwise
specified, “a” or “an” means “one or more.”

As used herein, “about” will be understood by persons of
ordinary skill in the art and will vary to some extent
depending upon the context in which it is used. If there are
uses of the term which are not clear to persons of ordinary
skill in the art, given the context in which it is used, “about”
will mean up to plus or minus 10% of the particular term.

The embodiments, illustratively described herein, may
suitably be practiced in the absence of any element or
elements, limitation or limitations, not specifically disclosed
herein. Thus, for example, the terms “comprising,” “includ-
ing,” “containing,” etc., shall be read expansively and with-
out limitation. Additionally, the terms and expressions
employed herein have been used as terms of description and
not of limitation, and there is no intention in the use of such
terms and expressions of excluding any equivalents of the
features shown and described, or portions thereof, but it is
recognized that various modifications are possible within the
scope of the claimed technology. Additionally, the phrase
“consisting essentially of” will be understood to include
those elements specifically recited and those additional
elements that do not materially affect the basic and novel
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characteristics of the claimed technology. The phrase “con-
sisting of” excludes any element not specifically specified.

As used herein, the term “and/or” shall also be interpreted
to be inclusive in that the term shall mean both “and” and
“or.” In situations where “and/or” or “or” are used as a
conjunction for a group of three or more items, the group
should be interpreted to include one item alone, all of the
items together, or any combination or number of the items.

One aspect of the present technology provides an aerogel
which includes a water-soluble organic polymer, cellulose
nanofibrils and/or nanocrystals, and water-soluble graphene
oxide. In one embodiment, the water-soluble polymer and
optionally the cellulose nanofibrils are cross-linked such that
they are no longer water-soluble.

Any suitable water-soluble organic polymer may be used
in the present acrogel compositions. As used herein, the term
“water-soluble organic polymer” means an organic polymer
having a solubility in water of at least 1 mg/ml at 25° C. or
an organic polymer comprising at least 90 mol % organic
monomers that have a water solubility of at least 1 mg/ml at
25° C. In some embodiments the water-soluble organic
polymer has a solubility of at least 5 mg/ml, at least 10
mg/ml, at least 25 mg/ml, at least 50 mg/ml, at least 75
mg/ml, at least 100 mg/ml or at least 150 mg/ml in water at
25° C. In some embodiments, the water-soluble organic
polymer has a solubility greater than or equal to 100 mg/ml.
In some embodiments, the water-soluble organic monomers
of the water-soluble organic polymer have a solubility of at
least 5 mg/ml, at least 10 mg/ml, at least 25 mg/ml, at least
50 mg/ml, at least 75 mg/ml, at least 100 mg/ml or at least
150 mg/ml in water at 25° C.

In some embodiments, the water-soluble organic polymer
is a thermoplastic polymer. Suitable water-soluble polymers
include, for example, polyvinyl alcohol, polyethylene gly-
col, polyacrylamide, polyacrylic acid, polymethacrylic acid,
cellulose, hydroxypropylmethyl cellulose, hydroxypropyl
cellulose, chitosan, dextran, and dextran sulfate, or a com-
bination of any two or more thereof. In some embodiments,
the water-soluble organic polymer is polyvinyl alcohol,
polyethylene glycol, polyacrylamide, polyacrylic acid,
polymethacrylic acid, or a combination of any two or more
thereof. In some embodiments, the water-soluble polymer is
polyvinyl alcohol (PVA).

In some embodiments, the water-soluble organic polymer
is a thermoset polymer which comprises at least 90 mol %
water-soluble organic monomers (e.g., having a water solu-
bility of at least 1 mg/ml at 25° C. In some embodiments, the
thermoset polymer comprises at least 90 mol %, at least 95
mol % or 100 mol % water-soluble monomers. However, it
will be understood by those skilled in the art that the
thermoset organic polymer of the present technology is an
organic polymer cross-linked/cured at least to the extent that
it cannot be significantly softened or remelted by heat and is
no longer water-soluble, despite including water-soluble
organic monomers. Suitable thermoset polymers include, for
example, polymerized resorcinol-formaldehyde, phenol-
formaldehyde, urea-formaldehyde, polyamic acid salt or a
combination of any two or more thereof. In some embodi-
ments, the water-soluble monomers are resorcinol and form-
aldehyde which form resorcinol-formaldehyde thermoset-
ting polymer. In some embodiments, the thermoset organic
polymer is cross-linked with sodium borate, boric acid,
organic dialdehyde, or a combination of any two or more
thereof.

The water-soluble organic polymers of the present tech-
nology may have a molecular weight from about 500 to
about 200,000 Daltons (Da). In some embodiments, the
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water-soluble organic polymer has a molecular weight of
greater than 1,000 or greater than 10,000 Da. In another
embodiment, the water-soluble organic polymer has a
molecular weight of about 1,000 Da to about 150,000 Da,
about 10,000 to about 125,000, about 15,000 Da to 100,000
Da, about 20,000 Da to about 50,000 Da, or about 25,000 Da
to about 35,000 Da. In some embodiments the water-soluble
organic polymer has a molecular weight of about 10,000 Da,
about 12,500 Da, about 25,000 Da, about 50,000 Da, about
100,000 Da, about 125,000 Da, about 150,000 Da, about
200,000 Da, or a range between and including any two of
these values.

A wide variety of cellulose nanofibrils and nanocrystals
(CNFs) may be used in the present technology such as those
prepared and/or characterized in Saito et al. (Biomacromol-
ecules 2006, 7, 1687-4691); Paakko et al. (Biomacromol-
ecules, 2007, 1934-1941); Zimmermann et al. (Carbohy-
drate Polymers, 2010, 79, 1086-1093); Postek et al.
(Measurement Science and Technology, 2011, 024005); Zhu
et al. (Green Chemistry, 2011, 13, 1339-1344; Paakks et al.
(Soft Matter, 2008, 4, 2492-2499), Henriksson et el. (Euro-
pean Polymer Journal, 2007, 43, 3434-3441), the disclo-
sures of which are hereby incorporated by reference and for
all purposes. The cellulose nanofibrils or nanocrystals may
have suitable average diameters in the range of about 1 to
about 100 nanometers (nm). In some embodiments, the
cellulose nanofibrils or nanocrystals are characterized as
having average diameters in the range of about 2 nm to about
50 nm. In various embodiments, cellulose nanofibrils or
nanocrystals may have average diameters in the range of
about 0.01 nm to less than 1000 nm, about 1 nm to about 100
nm, about 2 nm to about 50 nm, about 5 nm to about 45 nm,
about 10 nm to about 40 nm, or about 20 nm to about 30 nm.
Examples of average diameters of cellulose nanofibrils and
nanocrystals include about 1 nm, about 5 nm, about 10 nm,
about 20 nm, about 30 nm, about 40 nm, about 50 nm, about
60 nm, about 70 nm, about 80 nm, about 90 nm, about 100
nm, about 200 nm, about 300 nm, about 400 nm, about 500
nm, and ranges between and including any two of these
values. In some embodiments, the cellulose nanofibrils or
nanocrystals is’/has a diameter of 5 to 30 nm.

The length of the cellulose nanofibrils or nanocrystals can
be optimized depending on the desired characteristics of the
aerogel. In some embodiments, the cellulose nanofibrils
and/or nanocrystals have an average length of 10 nm to
several micrometers (um), e.g., 8 um. In some embodiments,
the cellulose nanofibrils or nanocrystals are characterized as
having average lengths of about 10 nm, about 20 nm, about
30 nm, about 40 nm, about 50 nm, about 75 nm, about 100
nm, about 200 nm, about 300 nm, about 400 nm, about 500
nm, about 600 nm, about 700 nm, about 800 nm, about 900
nm, about 1000 nm, about 1500 nm, about 2000 nm, about
2500 nm, about 3000 nm, about 4000 nm, about 5000 nm,
about 6000 nm, about 7000 nm, about 8000 nm, and ranges
between and including any two of these values.

The graphene oxides which serve as the second nanofiller
in this hybrid organic aerogel system are water-soluble, i.e.
they have a solubility in water of at least 1 mg/ml at 25° C.
The water-soluble graphene oxides have excellent mechani-
cal properties, large surface-to-volume ratios, and a large
amount of oxygen atoms on their surface, thus enabling the
formation of strong hydrogen bonding among the three
components—e.g., water-soluble organic polymer, CNF,
and water-soluble graphene oxide such as graphene oxide
nanosheets (GONs).

Thus, in one aspect, the present technology provides
hybrid organic aerogels that include a CNF in combination
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with a water-soluble thermoplastic polymer (i.e., polyvinyl
alcohol (PVA) and graphene oxide nanosheets (GONSs)
(abbreviated as PVA/CNF/GONS)).

In another aspect, the present technology provides hybrid
aerogels that include a water-soluble organic polymer, cel-
Iulose nanofibrils and/or nanocrystals, and carbon nanotubes
(CNTs) (e.g., hydroxylated multiwalled carbon nanotubes).
The water-soluble polymer may be cross-linked (optionally
with the cellulose nanofibrils and/or nanocrystals) such that
it is no longer water-soluble. The surface of the aerogels may
be modified/functionalized as described herein. These aero-
gels are highly porous with large surface to volume ratios
and great specific compressive strength. In some embodi-
ments the water-soluble polymers may be any of those
described above. In other embodiments the, cellulose nano-
fibrils or nanocrystals may be any of those described above.

A variety of carbon nanotubes may be used in the present
hybrid aerogels. Carbon nanotubes are tubes or tube-like
structures comprised primarily of carbon atoms. However,
they may contain other elements, e.g., metals, and may be
surface modified to have better aqueous dispersability, e.g.,
with hydroxyl, carboxyl or other suitable groups. Both
single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNT) may be used in the
present technology. SWCNTs essentially are single cylin-
ders, whereas MWCNTs, for example, may include several
concentric nanotubes each having a different diameter. Thus,
the smallest diameter tube is encapsulated by a larger
diameter tube, which in turn, is encapsulated by another
larger diameter nanotube. Alternatively, a MWCNT may be
composed of a single sheet of graphene rolled about itself to
form a number of layers. Carbon nanotubes as used herein
are generally about 0.5 to about 200 nm in diameter.
Examples of suitable diameters include about 0.5, about 1,
about 2, about 3, about 4, about 5, about 10, about 15, about
20, about 25, about 50, about 100, about 150, or about 200
nm or a range between and including any two of the
foregoing values. Typically, the ratio of the length dimension
to the diameter of the carbon nanotubes, i.e., the aspect ratio,
is at least 10. In general, the aspect ratio is between about 10
and about 100,000. Examples of aspect ratios include about
10, about 100, about 1000, about 10,000, about 100,000, or
any range between and including any two of the foregoing
values.

CNTs may be produced by a variety of methods, and
additionally are commercially available. Methods of CNT
synthesis include laser vaporization of graphite target (A.
Thess et al. Science 273, 483 (1996)), arc discharge (C.
Journet et al., Nature 388, 756 (1997)) and HiPCo (high
pressure carbon monoxide) process (P. Nikolaev et al.
Chem. Phys. Lett. 313, 91-97 (1999)). Chemical vapor
deposition (CVD) can also be used in producing carbon
nanotubes (J. Kong et al. Chem. Phys. Lett. 292, 567-574
(1998). Additionally CNTs may be grown via catalytic
processes both in solution and on solid substrates (Nan Li,
et al., Chem. Mater.; 2001; 13(3); 1008-1014); (N. Franklin
and H. Dai Adv. Mater. 12, 890 (2000); A. Cassell et al. J.
Am. Chem. Soc. 121, 7975-7976 (1999)). Standard methods
of surface modification to hydroxylate or attach other func-
tional groups to the CNTs are known in the art.

In certain embodiments the aerogels include polyvinyl
alcohol (PVA), cellulose nanofibrils (CNF), and MWCNT
(e.g., hydroxyl-functionalized MWCNTs). These hybrid
organic aerogels were prepared using an environmentally
friendly freeze-drying process with renewable materials.
The material properties of these “green” hybrid aerogels
were characterized extensively using various techniques.
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The resulting hybrid aerogels show drastically increased
mechanical properties compared to the PVA aerogels alone.
The mechanical properties of the hybrid aerogels showed an
exponential dependency on the relative aerogel densities.
These low-density hybrid aerogels also exhibited very low
thermal conductivities and high surface areas, thereby mak-
ing them useful for many applications including thermal
insulation and structural components.

Hybrid aerogels that include a water-soluble organic
polymer, cellulose nanofibrils and/or nanocrystals, and
MWCNT are ultralight, and mechanically robust. Such
aerogels may be {fabricated using an environmentally
friendly freeze-drying method. In some embodiments, the
PVA, CNFs, and hydroxyl-functionalized MWCNTs were
chemically crosslinked together via the hydroxyl groups
present on these components using glutaraldehyde. The
mechanical properties of these PVA/CNF/MWCNT hybrid
aerogels were superior to those reported in the literature for
clay/cellulose aerogels, epoxy/clay aerogels, polymer/clay/
nanotubes aerogels, and polymer/silica aecrogels at compa-
rable densities. Moreover, the mechanical properties dem-
onstrated a strong exponential relationship with the relative
aerogel densities, thereby making it possible to fabricate
aerogels with a wide range of mechanical properties by
adjusting the relative acrogel densities.

The present acrogels may further include a surface modi-
fier. In some embodiments, the surface modifier is a silane
compound (but not SiH, itself), such as an organosilane or
haloorganosilane. Suitable surface modifiers include, for
example, trialkylsilane, a dialkylarylsilane, an alkyldiaryl-
silane, a triarylsilane, a trichlorosilane, or a combination of
any two or more thereof. In some embodiments, the silane
is halogenated with 1 or more halogen atoms (e.g., F, Cl, Br,
1) attached to the silicon and/or attached to any hydrocarbon
groups that are attached to the silicon. For example, the
silane compound may be fluorinated and includes, e.g., 1 or
more fluorine atoms, e.g., 1,2,3,4,5,6,7,8,9,10, 11, 12,
13, 14, 15, 16, 17, 18, 19, or 20 fluorines or any number of
fluorines between and/or including any two of the preceding
values. By way of non-limiting example, the silane may be
tridecafluoro-1,1,2,2 -tetrahydrooctyl trichlorosilane, 4-(tri-
fluoromethyl-tetrafluorophenyl)-triethoxysilane, trialkoxy
silanes, and/or trichlorosilanes with various substituents in
place of the hydrogen. Substituents may be selected from
alkyl, haloalkyl, alkoxy, amino, aminoalkyl, alkylamino,
and (meth)acrylic groups, among others.

The aerogel compositions of the present technology have
remarkable specific compressive strength while maintaining
low density. For example, in various embodiments, the
aerogel compositions have a specific compressive strength
in the range of about 0.0001 MPa'kg™''m® to about 1.0
MPakg™'m?, about 0.0005 MPakg™'m® to about 0.1
MPakg™''m>, about 0.001 kg/m> to about 0.005 kg/m?, or
about 0.008 kg/m?® to about 0.01 kg/m>. In some embodi-
ments, the aerogel compositions have a specific compressive
strength ranging from about 0.0005 MPakg™''m? to about
0.1 MPa'kg''m>. Similarly, in various embodiments, the
aerogel compositions have a compressive modulus in the
range of about 50 kPa to about 500 kPa. Examples of
compressive modulus include about 50 kPa, about 75 kPa,
about 100 kPa, about 150 kPa, about 175 kPa, about 200
kPa, about 225 kPa, about 250 kPa, about 275 kPa, about
300 kPa, about 325 kPa, about 350 kPa, about 375 kPa,
about 400 kPa, about 425 kPa, about 450 kPa, about 500
kPa, or a range between and including any two of the
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foregoing values. In some embodiments, the aerogel com-
positions have a compressive strength ranging from about
275 kPa to about 325 kPa.

The present aerogel compositions typically have a density
of not more than about 250 kg/m>, and more typically not
more than about 100 kg/m>. In various embodiments, the
aerogel compositions have a density in the range of about 5
kg/m® to about 250 kg/m?>, about 10 kg/m> to about 200
kg/m?, about 10 kg/m® to about 180 kg/m>, or about 10
kg/m® to about 150 kg/m>. Examples of densities of the
aerogel compositions include about 5 kg/m®, about 10
kg/m?, about 15 kg/m>, about 20 kg/m>, about 30 kg/m?,
about 40 kg/m®>, about 50 kg/m>, about 60 kg/m>, about 70
kg/m?, about 80 kg/m?, about 90 kg/m>, about 100 kg/m?,
about 110 kg/m>, about 120 kg/m>, about 130 kg/m®, about
140 kg/m?>, about 150 kg/m>, about 160 kg/m?, about 170
kg/m>, about 180 kg/m>, about 190 kg/m>, about 200 kg/m?,
about 210 kg/m>, about 220 kg/m>, about 230 kg/m®, about
240 kg/m®, about 250 kg/m’, and ranges between and
including any two of these values. In some embodiments,
the aerogel compositions have a density of about 10 kg/m>
to about 60 kg/m’>.

In some embodiments, the aerogel compositions have a
strain-at-failure of at least about 30%, at least about 40%, at
least about 50%, at least about 55%, at least about 60%, at
least about 65%, at least about 70%, at least about 75%, at
least about 80%, at least about 85%, or at least about 90%.
In certain embodiments, the aerogel compositions have a
strain-at-failure of at least about 60%.

The aerogel compositions have high porosity, for
example, of at least about 70%, at least about 75%, at least
about 80%, at least about 85%, at least about 90%, at least
about 95%, or at least about 99%. In certain embodiments,
the aerogel compositions have a porosity of at least about
90%.

The present aerogel compositions have high surface areas,
for example, about 50 m* g~" to about 500 m* g~'. Examples
of surface areas include about 50 m* g~*, about 70 m? g~*,
about 90 m? g~! about 110 m* g~*, about 130 m* g~!, about
150 m* g~!, about 170 m* g=*, about 190 m* g~*, about 210
m? g~*, about 230 m* g~*, about 250 m* g~!, about 270 m>
g~!, about 290 m* g™, about 310 m* g~* about 330 m? g™,
about 350 m? g~!, about 370 m* g~*, about 390 m* g~*, about
410 m* g™!, about 430 m? g~*, about 450 m* g~*, about 470
m? g, about 490 m* g~*, about 500 m* g~*, and ranges
between and including any two of these values. In certain
embodiments, the hybrid aerogel compositions have a sur-
face area of about 150 m? g™' to about 200 m* g~*.

Aerogel compositions of the present technology have low
thermal conductivity in comparison to their solid counter-
parts. For example, in various embodiments, the hybrid
aerogel compositions have a thermal conductivity in the
range of about 10 mWm™K™' to about 60 mWm™'K™'.
Examples of thermal conductivities include about 5 mWm™*
K1 10mWm™ K™, 20 mWm™'K™*, about 25 mWm™ 'K,
about 30 mWm™ K™}, about 35 mWm™K™!, about 40
mWm™'K™?, about 45 mWm™'K™!, about 50 mWm™K™!,
about 55 mWm K™, about 60 mWm™'K™' and ranges
between and including any two of these values. In some
embodiments, the hybrid aerogel compositions have a ther-
mal conductivity ranging from about 25 mWm K™ to
about 35 mWm™'K~".

In one aspect, the present technology provides methods
for making the graphene oxide-containing aerogels dis-
closed herein. The methods include combining a water-
soluble organic polymer, cellulose nanofibrils and/or nanoc-
rystals, and a water-soluble graphene oxide in water; cross-
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linking the water-soluble organic polymer and optionally the
cellulose nanofibrils and/or nanocrystals such that they are
no longer water-soluble; and removing the water from the
resulting gel to form an aerogel. Suitable water-soluble
organic polymers and suitable graphene oxide materials
useful in the present methods are discussed above. Similarly,
there are provided methods for making the CNT-containing
aerogels disclosed herein. The methods include combining a
water-soluble organic polymer, cellulose nanofibrils and/or
nanocrystals, and a CNT, such as, e.g., a MWCNT in water,
cross-linking the mixture to form a gel; and removing the
water from the gel to form an aerogel.

The water in the aerogel compositions prepared using the
above methods can be removed by several methods known
in the art. Examples of such methods include freeze drying,
vacuum drying and supercritical drying and the like. In some
embodiments, the water is removed by freeze-drying the gel
to provide the aerogel. Freeze drying is inexpensive, easy,
scalable, and capable of producing high-quality components
in any desired geometry.

The aerogels of the present technology can be tuned for
specific applications by modifying the compositions (e.g.,
the amount and type of materials used in the formulations),
the processing conditions or other parameters. Furthermore,
the aerogels can be tailored using a variety of known
post-treatment methods, giving them a flexibility to be used
in several applications such as those mentioned above.

For example, one method for tailoring properties of the
present aerogels include surface-coating the aerogel with
suitable materials to enhance, e.g., hydrophobicity. Thus, in
one embodiment, the method further includes contacting a
surface of the aerogel with a surface modifying agent to
provide a surface-modified aerogel. Any suitable surface
modifying agent known in the art may be used as a coating
material. Examples of such surface modifying agents
include silane compounds such as tridecafluoro-1,1,2,2,-
tetrahydrooctyl trichlorosilane, 4-(trifluoromethyl-tetrafluo-
rophenyl) triethoxysilane, trialkoxy silanes, and/or trichlo-
rosilanes with various substituents (e.g., alkyl, amino, and
(meth)acrylic), and combinations thereof. Two such surface
modifying agents are illustrated below:

Silane 1
F FFEF FE F
Cl
FW/
Si
/ a
F FF FF F cl
Silane 2
F oJ
0
F él(\/
0
; §
F
F
F F

Silane 1 is tridecafluoro-1,1,2,2 -tetrahydrooctyl trichlo-
rosilane and

Silane 2 is 4-(trifluoromethyl-tetrafluorophenyl) triethox-
ysilane.

These hybrid organic aerogels possess excellent proper-
ties such as enhanced robustness, improved deformability,
high specific compressive strength, high compressive strain,
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ultra-low density, and low moisture absorption. Because of
their excellent mechanical, thermal, and surface properties,
these acrogels are potentially useful for a wide range of
applications. For example, the aerogel compositions of the
present technology may serve as excellent insulators. Thus,
in one embodiment, the present technology provides an
insulation composition which includes an aerogel disclosed
above. In some embodiments, the insulation is thermal
insulation, acoustic insulation or electrical insulation.

All references cited herein are specifically incorporated
by reference in their entirety and for all purposes as if fully
set forth herein.

The present technology is further illustrated by the fol-
lowing examples, which should not be construed as limiting
in any way.

EXAMPLES
Example 1

Preparation of Cellulose Nanofibrillated Fibers
(CNFs)

TEMPO-oxidized CNFs used in this study were prepared
according to the work reported by Saito et al. (Biomacrom-
ecules, 2009, 10, 1992-1996). Briefly, bleached eucalyptus
pulp fibers were carboxylated using 2,2,6,6-tetramethylpip-
eridine-1-oxyl (TEMPO), sodium chlorite, and sodium
hypochlorite as the reactants at 60° C. for 48 hours. TEMPO
oxidized pulp fibers were then washed thoroughly using
distilled water and homogenized in a disk refiner to break
apart fibril bundles. The fiber slurry was diluted to facilitate
separation of coarse and fine fractions by centrifugation at
12000G. Subsequently, the coarse fraction was rejected. The
nanofibril suspension was concentrated to a solid content of
approximately 0.4% using ultrafiltration. A final refining
step was performed, in which the nanofibril suspension was
passed once through an M-110EH-30 Microfluidizer (Mi-
crofluidics, Newton, Mass.) with 200- and 87-um chambers
in series. The obtained CNF suspension was stored at 4° C.
without any treatment before future utilization. The car-
boxylate content of the CNFs was measured via titration
based on the TAPPI Test Method T237 cm-98 and as found
to be 0.46 mmol COONa per gram of CNF suspension.

Example 2
Preparation of High Density PVA Solution

Polyvinyl alcohol (10.0 g, MW: 95000 g mol-1) was
dissolved in 100 mL of water and stirred for 12 h at 85° C.
until the PVA was completely dissolved in water.

Example 2

Preparation of Graphene Oxide Nanosheets
(GONSs)

GONSs were prepared from purified natural graphite
powder using an improved Hummer’s method reported by
Marcano et at (ACS Nano, 2010, 4, 4806-4814.). 1 g of
graphite flakes and 6 g of KMnO, (Sigma Aldrich) were
added into a H,SO,/H;PO, (Sigma Aldrich) mixture (135
ml:15 ml). The resulting mixture was stirred at 50° C. for 12
h. Afterward, the mixture was cooled to room temperature
and then poured onto a mixture of 200 mL of ice and 1 mL
of 30% H,O,. The graphite oxide was washed and centri-
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fuged with ethanol, HCI, and water sequentially until the pH
level was 7. Thereafter, the supernatant was decanted away.
The remaining solid was filtered over a PTFE membrane
(0.45 pm pore size) and vacuum dried overnight at room
temperature.

Example 3

Preparation of Crosslinked PVA/CNF/GONS
Aerogels

Two grams of PVA (M, ~72 kDa, Sigma Aldrich) were
dissolved in 20 mL of water and stirred for 2 h until the PVA
was completely dissolved in water. A CNF solution (5 mL in
water was added to a glass vial followed by the addition of
2 mL of a PVA/water solution into the same glass vial. The
weight ratio between the PVA and CNF was 10:1 for all
formulations. Then, depending on the specific formulation,
a desired amount of GONSs was added to the solution,
which was then mixed vigorously for 30 minutes. Thereaf-
ter, 500 pL. of glutaraldehyde (GA) (crosslinker) (25% in
H,O, Sigma Aldrich) followed by 100 uL of sulfuric acid
(catalyst) (95.0%-98.0%, Sigma Aldrich) were added to the
PVA/CNF/GONS/water solution and stirred vigorously for 1
h. The glass vial was then placed in a vacuum oven and
heated for at least 2 h at 70° C. under vacuum. The resulting
gel was freeze-dried and stored in a vacuum oven for further
characterization. For comparison, non-crosslinked samples
were also prepared.

Example 4

Preparation of High Density Crosslinked
PVA/CNF/GONS Acrogels

Graphene oxide (GO) (100 mg) was added to a 50 mL
centrifuge tube containing 40 mL. of deionized water. The
above mixture was sonicated and shaken alternately until the
GO sheets were well dispersed. The PVA solution (10 mL,
10%), CNF (20 mg, 0.51%) and the dispersed GO solution
were mixed together in a 250 ml flask. Depending on the
specific formulation, a desired amount of water was added
to the flask, and then very carefully mixed via vigorous
stirring for 1 h. Subsequently, the glutaraldehyde solution
(500 uL, 25%) and sulfuric acid (50 pl, 7.5%) were added
to the above mixture, and stirring continued until it was
uniformly mixed. Table 1 shows the various densities of
crosslinked PVA/CNF/GONS aerogels. At the final stage,
the mixture was placed under vacuum and sonicated to
remove the bubbles from the mixture. After being trans-
ferred into the aluminum pan, the cellulose aqueous gels
were cured in the oven at 75° C. for 3 h. After that, the
mixture was frozen at -78° C. in dry ice-acetone solution.
The frozen samples were freeze-dried in a lyophilizer at a
condenser temperature of -87.0° C. and under a vacuum of
0.0014 mBar for three days.

TABLE 1

Densities of crosslinked PVA/CNF/GONS aerogels

Sample Density (kg/m?)
1 24.30
2 36.33
3 43.85
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Example 5

Surface Modification of Crosslinked
PVA/CNF/GONS Aerogels

The surface modification of the PVA/CNF/GONS aero-
gels was carried out by chemical vapor deposition using two
different silane compounds (Silane 1: (tridecafluoro-1,1,2,
2,-tetrahydrooctyl trichlorosilane) and Silane 2: (4-(trifluo-
romethyl-tetrafluorophenyl)triethoxysilane). A small glass
vial containing one of the selected silane compounds
together with the aerogel samples was placed in a large glass
jar, which was heated in a vacuum oven at 100° C. for 3
days. To remove the excess unreacted silane, the surface-
treated aerogels were kept in a vacuum oven at room
temperature until the vacuum level reached 3x10~ mbar or
less.

Example 6

Preparation of Crosslinked RF/CNF/GONS
Aerogels

The resorcinol-formaldehyde (RF)/CNF/GONS hybrid
organic aerogels were prepared via a hydrolysis-condensa-
tion polymerization reaction, Al-Muhtaseb et al. (Advanced
Materials, 15, 2003, 101-114). 165 milligrams of resorcinol
(Sigma Aldrich) and 1.25 mL of formaldehyde (37% in H, O,
Sigma Aldrich) were dissolved in 10 mL of water. A CNF
solution (5 mL) in water was added to a glass vial. The
weight ratio between the RF and CNF was 10:1 for all
formulations. Then, depending on the specific formulation,
a desired amount of GONSs was added to the solution,
which was then mixed vigorously for 30 minutes. Thereaf-
ter, a specific amount of sodium carbonate (Sigma Aldrich)
was added to the RF/CNF/GONS/water solution as a basic
catalyst. The molar ratio of resorcinol to catalyst (R/C) was
varied from 50/1 to 200/1 mol/mol. The glass vial was then
placed in a vacuum oven and heated for at least 3 days at 80°
C. under vacuum. The resulting gel was freeze-dried and
stored in a vacuum oven for further characterization.

Example 7
Characterization Methods

The mechanical (e.g., compressive strength and strain),
physical (e.g., density, moisture absorbance, and BET sur-
face area), and morphological properties of the aerogels
prepared using the methods described above were system-
atically characterized. For each type of characterization
described below, at least three specimens were measured for
each sample and the average results were reported. The
densities of the aerogels were calculated based on the
measurements of their masses and dimensions. Compression
testing was carried out by a dynamic mechanical analyzer
(DMA Q800, TA Instruments, USA) at room temperature.
The microstructures of the acrogels were investigated via a
scanning electron microscope (SEM, LEO GEMINI 1530)
with a field emission electron gun. The specific surface areas
were determined by a Gemini (Micromeritics, USA) surface
area analyzer at —196° C. using the Brunauer-Emmet-Teller
(BET) method. Thermal stability measurements were car-
ried out using a thermogravimetric analyzer (TGA, Q 50 TA
Instruments, USA). The bulk thermal conductivity was
measured using a thermal constants analyzer (ThermTest
TPS 2500 S) following an ISO standard (ISO/DIS 22007-
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2.2). A contact angle goniometer (OCA 15/20, Future Digital
Scientific Corp., USA) was used for the contact angle
measurements that were carried out at room temperature
with water. The contact angles were measured at three
different positions on each sample. The values reported were
measured at 10 s, 60 s, and 120 s after deposition of the
droplets. The densities of the aerogels were determined by
measuring their weight and volume without deforming the
soft specimens. The X-ray diffraction (XRD) patterns for
different CNFs were measured with a Bruker/Siemens Hi-
Star 2d Diftractometer (Bruker AXS, Madison, Wis., USA)
using CuKa radiation generated at 40 kV and 30 mA. The
X-ray scattering was detected with 20 ranging from 2° to 40°
at a scanning rate of 4°/min. The Raman measurements were
performed at room temperature using a Thermo Scientific
DXR Raman Microscope at a 532 nm laser excitation level.

Results

Densities and Compression Testing of Aerogels

FIG. 1 shows the densities of the various aerogel samples
made from CNFs, GONSs, and PVA individually and
together. The densities of various aerogels ranged from 10 to
60 kg/m>, with cross-linked PVA/CNF/GONS showing a
density of about 20 kg/m>. Higher density PVA/CNF/GONS
aerogels were made having densities ranging from 31.7 to
47.8 kg/m>. Another aerogel of the present technology,
RF/CNF/GONS exhibited a density of 51 kg/m®. By con-
trast, silica-based aerogels are significantly denser. For
example isocyanate cross-linked silica exhibited a density of
at least 180 kg/m>, while epoxy cross-linked silica aerogel
showed a density of at least 260 kg/m>. Silica aerogels with
5% or 10% ceramic fiber exhibited densities of at least 320
and 190 kg/m’, respectively. Katti et al. (Chemistry of
Materials, 2006, 18, 285-296); Meador et al., (ACS Applied
Materials and Interfaces, 2009, 1, 894-906); Parmenter and
Milstein (Journal of Non-Crystalline Solids, 1998, 223,
179-189)

The compressive behaviors of a series of acrogels made of
CNFs, GONSs, and PVA that were either crosslinked or
non-crosslinked are shown in FIG. 2. The specific compres-
sive strength of the aerogels was calculated by dividing its
ultimate compressive stress at 80% strain by its density. The
ultimate compressive stress of the aerogel (0.014 MPa)
comprised of both GONSs and CNFs at 80% strain was
more than three times higher than that of the CNF aerogel
(0.004 MPa). This dramatic increase may be attributed to the
strong interactions between the GONSs and CNFs via
hydrogen bonding. Moreover, the addition of PVA further
increased the ultimate compressive stress at 80% strain of
the aerogel from 0.014 MPa to 0.1 MPa. This drastic
increase can be attributed to PVA’s long polymeric chains
resulting in high density hydrogen bonding to CNFs and
GONSs.

FIG. 3 shows the specific compressive strength of the
aerogels made of various formulations consisting of CNFs,
GONSs, and PVA that were either crosslinked or non-
crosslinked. The specific comprehensive strength of the
PVA/CNF/GONS aerogel was many orders higher than that
of the neat CNF aerogel (more than 9 fold) and GONS
aerogel (more than 29 fold). It was also significantly higher
than aerogels made of CNF/GONS (a more than a 120%
increase) or PVA (a more than a 45% increase). The specific
compressive strength of the RF/CNF/GONS aerogels was as
high as 0.006 MPa/kg-m~>

While not wishing to be bound by theory, it is believed
that PVA plays a major role in reinforcing the CNF/GONS
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network structure because PVA’s long polymeric chains can
provide high density hydrogen bonding to CNFs and
GONS:s. Moreover, the present crosslinked aerogels exhib-
ited a much higher specific compressive strength than their
non-crosslinked counterparts having the same formulations.
This may be attributed to enhanced structural integrity
resulting from the crosslinked PVA network as well as
possible cross-linking between PVA, CNFs, and GONSs due
to the presence of hydroxyl groups which could react with
glutaraldheyde (GA).

Microstructures of the PVA/CNF/GONS Aerogels

FIGS. 4(a), (b), and (c¢) show the SEM images of the CNF,
PVA, and PVA/CNF/GONS aerogels, respectively, prepared
by the freeze drying method. All three types of aerogels
exhibited an interconnected sponge-like porous structure
with pore sizes ranging from several tens of nanometers to
a few microns. The microstructure of the CNF aerogel
exhibited a hierarchical structure; i.e., there are scattered
regions with lower aerogel densities which form open
micron-sized channels. During the freeze-drying process,
nucleation and growth of large ice crystals can occur within
the network that pushed out the CNF from its original
location. Subsequent sublimation of these large crystals led
to the formation of micron-sized pores in the aerogels. The
sublimation of these large ice crystals also resulted in the
collapse of the CNF 3D network structure and the formation
of scattered interconnected 2D sheet-like networks. The
formation of such hierarchical structures in CNF aerogels is
known.

For the PVA aerogels (FIG. 4()), the pores were quali-
tatively more uniform and had smaller diameters compared
to those of CNF aerogel (F1G. 4(a)). This might be attributed
to the covalent bonding between the PVA chains and the
formation of a 3D network structure which does not collapse
upon sublimation. For the PVA/CNF/GONS aerogels, as
shown in FIG. 4(c), their porous structures were more
uniform and their average pore sizes were smaller than those
of the CNF aerogels.

Surface Wettability and Swelling Properties of the PVA/
CNF/GONS Aerogels

Pristine PVA/CNF/GONS aerogels are super-hydrophilic
and they tend to absorb moisture and swell in water due to
the high density of the hydroxyl groups present at the
surfaces of the PVA, CNFs, and GONSs. In order to obtain
hydrophobic surfaces, the hydroxyl groups on the surface of
the PVA/CNF/GONS aerogel structures were functionalized
with silane compounds in the gaseous phase through a
simple chemical vapor deposition method. Two silane com-
pounds (Silane 1: tridecafluoro-1,2,2-tetrahydrooctyl-
trichlorosilane and Silane 2: 4-triffuoromethyl-tetratiuoro-
phenyl triethoxysilane) were studied as the coating material
and the resulting wetting and swelling properties were
evaluated (cf. FIGS. 5 and 6). As shown in FIG. 5(a), for the
pristine PVA/CNF/GONS aerogel (i.e., before silane treat-
ment), the water droplets showed a very small contact angle
(0~28.3° at t=10 s) and were readily absorbed within the
aerogel structure in less than 100 s. In contrast, surface
treatment by both Silane 1 and Silane 2 drastically increased
the contact angles of the water droplets on the surface of
PVA/CNF/GONS aerogels (6=139.2° and 6=143.6° for
Silane 1 and Silane 2, respectively, at t=10 s). As can be seen
in FIGS. 5(b) and (c¢), the water droplets maintained their
initial contact angles as well as their round shapes on the
silane-treated aerogel surfaces, and were not absorbed by the
aerogel structures after 120 s. These observations clearly
indicate that highly hydrophobic surfaces were formed after
silane treatment.
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FIGS. 6A and 6B demonstrate the water swelling behav-
ior of the crosslinked and non-crosslinked PVA/CNF/GONS
aerogels before and after silane treatment. Before silane
treatment, the non-crosslinked PVA/CNF/GONS aerogels
were not stable in water and fell apart shortly after submer-
sion in water. However, crosslinked PVA/CNEF/GONS aero-
gels were stable in water and their 3D structures did not
disintegrate after submersion in water due to the formation
of a highly crosslinked PVA network. As can be seen in FIG.
6A, prior to silane treatment, crosslinked PVA/CNF/GONS
aerogels absorbed water to more than 2300% of its initial
weight after being submersed in water for 5 h. This can be
attributed to the presence of hydroxyl groups on the surface
of'the aerogel and its super-hydrophilic nature as previously
demonstrated by contact angle measurements.

However, after silane treatment (both Silane 1 and Silane
2), the non-crosslinked PVA/CNF/GONS aerogels not only
were stable in water, but also demonstrated a minimum
amount of swelling (4.6% for Silane 1 and 7.5% for Silane
2) after being submersed in water for 24 h (see FIG. 6B,
showing a magnified view of the bottom of FIG. 6A). The
improved stability of the non-crosslinked PVA/CNF/GONS
aerogel structures can be attributed to the formation of a thin
and interpenetrated silane coating network on the surface of
the aerogel that is also highly hydrophobic. Moreover, the
hydrophobic nature of the fluoro-groups on the surface of
the silane coatings renders the silane-treated PVA/CNF/
GONS aerogels highly hydrophobic as previously shown by
contact angle measurements. In addition, as shown in FIG.
6(b), after silane treatment, the crosslinked PVA/CNE/
GONS aerogels demonstrated slightly less water swelling
(3.4% for Silane 1 and 6.5% for Silane 2) as compared to
their non-crosslinked counterparts.

Thermal Conductivity and Thermal Stability of the Present
Aerogels

For certain applications, particularly for thermal insula-
tion applications, ultra-low thermal conductivities and high
thermal stabilities are desirable. The thermal conductivity of
the PVA/CNF/GONS aerogel was 453x107*+1x10~*
Wm™K™! at ambient conditions, and the thermal conduc-
tivity of RF/CNF/GONS aerogel was 412x107*x16x10~*
Wm™'K™'. The high porosity (>90%) and small-sized pores
possessed by the acrogels resulted in a drastically lower
thermal conductivity in comparison with their solid coun-
terparts. This is due to the fact that thermal transportation in
aerogels is governed by the gaseous phase (air), whose
thermal transportation rate is significantly lower than that of
the solid phase and/or radiation.

The thermal stability of the crosslinked and non-cross-
linked PVA/CNF/GONS aerogels were examined before and
after silane treatment using thermogravimetric analysis. As
shown in FIG. 7, one significant weight loss step was
observed for all the samples. However, for non-silane-
treated aerogels, crosslinked PVA/CNF/GONS aerogels
demonstrated considerable improvement in thermal stability
over their non-crosslinked counterparts. For example, the
temperatures corresponding to 20% weight loss for the
crosslinked and non-crosslinked PVA/CNF/GONS aerogels
were 337° C. and 305° C., respectively. While not wishing
to be bound by theory, the better thermal stability exhibited
by the crosslinked samples may be attributed to the forma-
tion of extra carbon-carbon bonds as the result of aerogel
network crosslinking. In addition, surface treatment with
both types of silane improved the thermal stability of both
non-crosslinked and crosslinked PVA/CNF/GONS aerogels
which can be attributed to the retardation of PVA thermal
decomposition by covalent bonds formed between PVA and
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a silane. Upon coating the samples with Silane 1, the
temperatures corresponding to 20% weight loss for the
crosslinked and non-crosslinked PVA/CNF/GONS aerogels
shifted to higher temperatures (339° C. for both crosslinked
and non-crosslinked). The thermal stability improvement
corresponding to a 20% weight loss for crosslinked and
non-crosslinked PVA/CNF/GONS aerogels after treatment
with Silane 2 was 353° C. and 343° C., respectively.

BET Surface Area Measurements of the PVA/CNF/GONS
Aerogels

The average BET specific surface area of the PVA/CNF/
GONS aerogels was 220x44 m?*/g, which was lower than
that of the GONS (495x41 (m*/g)), PVA/GONS (243+57
(m%/g)), and CNF/GONS (35830 (m*/g)) aerogels, but was
higher than that of CNF (140x15 (m%g)), PVA (73x15
(m*g)), and PVA/CNF (190£36(m?*/g)) aerogels (c.f. FIG.
8).

The incorporation of two different nanofillers (i.e., CNFs
and GONSs) with high specific surface areas increased the
surface area of the PVA/CNF/GONS aerogels significantly
in comparison with the PVA aerogels. Both CNFs and
GONSs are nanofillers that can yield ultra-high surface areas
depending on the level of exfoliation of the nanofillers and
consequently accessible surfaces for gas adsorption.

Example 8

Preparation of Polyvinyl Alcohol (PVA)-Cellulose
Nanofibril (CNF)-Multiwalled Carbon Nanotube
(MWCNT) Hybrid Aerogels

Materials

The cellulose used for producing the CNFs was a com-
mercially supplied fully bleached eucalyptus Kraft pulp.
PVA (Mw-95000 g mol™"), glutaraldehyde (GA, crosslinker,
25 wt % in H,0), and 2,2,6,6-tetramethylpiperidinyl-1-xoyl
(TEMPO, 98 wt %) were all obtained from Sigma Aldrich.
Hydroxyl-functionalized MWCNTs (OH content: 3.70 wt
%; aspect ratio: 1x10°~4x10%) were obtained from Cheap
Tubes (Brattleboro, Vt.). Sodium chlorite, sodium bromide,
sodium hypochlorite solution, and other chemicals were of
laboratory grade (Fisher scientific, USA) and used without
further purification.
Preparation of CNFs

The CNFs were prepared following a similar procedure as
described above. The TEMPO-oxidized CNFs used in this
experiment were prepared according to a procedure
described by Isogai’s group (T. Saito, M. Hirota, N. Tamura,
S. Kimura, H. Fukuzumi, L. Heux, A. Isogai, Biomacromol-
ecules 2009, 10, 1992). Briefly, fully bleached eucalyptus
fibers were oxidized with sodium hypochlorite using
TEMPO as a catalyst at a temperature of 60° C. for 48 h. The
fibers were then thoroughly washed and refined in a disk
refiner with a gap of approximately 200 pm. The coarse
fibers were separated by centrifuging at 12,000 G, and the
fine CNF dispersion was concentrated to 0.5% using ultra-
filtration. A final refining step was performed in which the
nanofiber dispersion was passed through an M-110EH-30
microfiuidizer (Microfluidics, Newton, Mass.) once with
200- and 87-im chambers in series. The obtained CNF
suspension was stored at 4° C. without any treatment before
future utilization.
Preparation of High Density PVA Solution

The PVA solution was prepared following a similar pro-
cedure as described above. Polyvinyl alcohol (10.0 g, MW:
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95000 g mol-1) was dissolved in 100 mL of water and stirred
for 12 h at 85° C. until the PVA was completely dissolved
in water.
Preparation of Crosslinked PVA/CNF/MWCNT Aerogels

High concentration PVA solution (0.1 g m[.-1) was pre-
pared by dissolving 10.0 g PVA in 100 mL of water under
stirring for 12 h at 85° C. Next, 25.0 mg of MWCNTs were
added to a 50 mL centrifuge tube containing 10 ml of
deionized water. The mixture was sonicated (UP400S, hiel-
scher USA) at 80% amplitude using a 3 mm probe in an
ice-bath for 30 min. The resulting MWCNT aqueous solu-
tion was then mixed with 20.0 g of CNF aqueous dispersion
(0.5 wt %) under sonication (10 min) to gives a homoge-
neous CNF/MWCNT mixture. Subsequently, 5.0 mL of
PVA solution (0.1 g mL-1) and a desired amount of water
(depending on the specific formulation) were added into the
flask containing the CNF/MWCNT aqueous solution under
vigorous stirring for 1 h. The weight ratio between the PVA
and CNF was 5:1 for all formulations. Thereafter, glutaral-
dehyde solution (300 pL., 25 wt %) and sulfuric acid (30 puL,
7.5 vol %) were added to the PVA/CNF/MWCNT solution,
which was mixed under stirring for another hour. At the final
stage, the mixture was subjected to sonication in an ultra-
sonic bath for 10 min to obtain the aqueous gels. After being
transferred into aluminum pans, the aqueous gels were
crosslinked/cured in a vacuum oven at 75° C. for 3 h. The
aerogels were then prepared through a freeze-drying process
and stored in a vacuum oven for further characterization. For
all of the PVA/CNF/MWCNT aerogels, the ratio of each
component was kept the same; namely, there was 4 wt. %
MWCNTs, 16 wt. % CNFs, and 80 wt. % PVA. Thus, the
densities of the PVA/CNF/MWCNT aerogels were con-
trolled by the amount of water added to the mixtures.
Preparation of Crosslinked PVA Aerogels

For comparison purposes, crosslinked PVA aerogels were
also prepared following a similar procedure as described
above. PVA solution (5.0 mL, 10 g mL-1) and a desired
amount water were mixed together in a flask under vigorous
stirring for 1 h. Then, glutaraldehyde solution (250 uL, 25 wt
%) and sulfuric acid (25 pL, 7.5 vol %) were added to the
PVA solution. The resulting mixture was mixed under stir-
ring for another hour. At the final stage, the mixture was
sonicated in an ultrasonic bath for 10 min to obtain the
aqueous gels. After being transferred into aluminum pans,
the aqueous gel was crosslinked in a vacuum oven at 75° C.
for 3 h. The PVA aerogels were fabricated using the freeze-
drying process described herein and were stored in a vacuum
oven for further characterization.
Preparation of Crosslinked PVA/CNF Aerogels

For comparison purposes, crosslinked PVA/CNF aerogels
were also prepared following a similar procedure as
described above. PVA solution (5.0 mL, 10 g mL-1), CNF
solution (20.0 g, 0.50 wt %), and a desired amount of water
(depending on the specific density of the aerogels) were
mixed together in a flask under vigorous stirring for 1 h.
Then, glutaraldehyde solution (300 pL, 25 wt %) and
sulfuric acid (30 uL, 7.5 vol %) were added to the PVA/CNF
solution. The resulting mixture was mixed under constant
stirring for another hour. At the final stage, the mixture was
sonicated in an ultrasonic bath for 10 min to obtain the
aqueous gels. After being transferred into aluminum pans,
the aqueous gels were crosslinked/cured in a vacuum oven
at 75° C. for 3 h. PVA/CNF aerogels were obtained using the
freeze-drying process described herein and were stored in a
vacuum oven for further characterization.
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Density Calculation
The density of the solid materials (ps) was calculated
according to the following equation,

1
Wenr

Ps=

Warwnr Weya

PMWNT  PCNF  PPVA

where W was the weight percentage of the different com-
ponents, and P, a7 Peng and ppy, were the densities of
solid MWCNT, CNF and PVA, respectively. The densities of
the CNFs, MWCNTs, and PVA used for this study were
1460, 2100, and 1269 kg m~>, respectively, according to the
manufacturer’s data sheet.
Freeze-Drying Process

The crosslinked aqueous gels were precooled in a 4° C.
refrigerator overnight to avoid macroscopic fracture during
the freezing step, and were then frozen at —=78° C. in a dry
ice-acetone solution. The frozen samples were freeze-dried
in a lyophilizer at a condenser temperature of —87.0° C.
under vacuum (0.0014 mBar) for three days to produce the
aerogels.
Characterization

All tests described below were done at least in triplicate.
The densities of the aerogels were calculated by measuring
the mass and volume of the aerogels. Compression testing
was conducted using an Instron (model 5967) fitted with a
100 kN load. The compression strain rate was set to 10%
min~'. Compression moduli were extracted from the slopes
of the linear elastic deformation region of the stress-strain
curves, while the yield stress was taken as the stress at the
intersection between the tangent line to the linear elastic
region and the tangent line of the plateau region. The
microstructures of the aerogels were studied using a scan-
ning electron microscope (SEM, NeoScope JCM-5000). The
SEM samples were coated using gold sputtering. The
Brunaver-Emmett-Teller (BET) specific surface area was
determined by N, physisorption using a Gemini analyzer
(Micromeritics, USA). It was measured by analyzing the
amount of N, gas adsorbed on the samples with the relative
vapor pressure (P/P,) ranging from 0.05 to 0.3 at -196° C.
Thermal stability measurements were carried out using a
thermogravimetric analyzer (TGA, Q 50 TA Instruments,
USA) from 30° C. to 600° C. at 10° C. min~' heating rate
under N, protection. The bulk thermal conductivity was
measured using a thermal constants analyzer (ThermTest
TPS 2500 S) following an ISO standard (ISO/DIS 22007-
2.2), transient Plane Source method. Measurement time
ranged from 40 to 80 seconds. The laboratory temperature
was 20x1° C. and the relative humidity was 22+2% during
the measurements. Five measurements were made on each
formulation and the average values and the standard devia-
tions were reported.
Results and Discussion

Microstructures of the Various Aerogels

PVA, PVA/CNF, and PVA/CNF/MWCNT aerogels with
four different densities were successfully prepared using the
freeze-drying method. Under optimal processing conditions,
very little shrinkage was observed in these aerogels com-
pared to their initial hydrogel dimensions. While not wishing
to be bound by theory, it is anticipated that the polyvinyl
alcohol/cellulose nanofibrils/hydroxylated multiwalled car-
bon nanotube aerogels are interconnected through a 3D
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cross-linking cellular network. Specifically, it is predicted
that the MWCNTs are covalently bonded to the glutaralde-
hyde, PVA, and/or CNF via the hydroxyl group of the
MWCNT. FIG. 9 shows the microstructures of the various
aerogels including (A) PVA (25.42 kg m™>), (B) PVA/CNF
(26.83 kg m?), and the PVA/CNEF/MWCNT-1, 2, 3, and 4
hybrid aerogels with a density of (C) 14.55, (D) 20.13, (E)
26.00, and (F) 30.62 kg m™>, respectively. All aerogels
exhibited an interconnected, highly porous cellular struc-
ture. At similar densities (~26 kg m>), the pore sizes of PVA
(FIG. 9A, typically 3~8 pum) were somewhat larger than
those of the PVA/CNF (FIG. 9B, typically 1~5 um)) and
PVA/CNF/MWCNT-3 (FIG. 9E, typically 1~4 um)). While
not wishing to be bound by theory, this observation might be
attributed to the fact that CNFs and/or MWCNTs could
easily entangle and form a 3D network within the PVA/CNF
or PVA/CNF/MWCNT aerogel network thereby affecting
the nucleation and growth of ice crystals during the freeze-
drying process. For the PVA/CNF/MWCNT aerogels with
varying densities (FIGS. 9C, D, E, F), the pore sizes
appeared to be slightly smaller at higher aerogel densities. In
addition, for the PVA/CNF and PVA/CNF/MWCNT hybrid
aerogels, there were nanosized fibers connecting the sheet-
like structures present in these hybrid aerogels. These highly
interconnected 3D cellular networks may be responsible for
the aerogels’ outstanding mechanical properties.

BET Surface Areas of the Aerogels

The BET specific surface area of the aerogels is shown in
Table 2. The surface areas of the aerogels prepared by the
freeze-drying process are often lower than those of aerogels
prepared using supercritical CO, drying because the initial
hydrogel network structure can be preserved better in aero-
gels prepared using supercritical drying compared to freeze-
drying.

At similar aerogel densities (~26 kg m>), incorporation of
CNFs and MWCNTs (i.e., PVA/CNF and PVA/CNF/MW-
CNT-3) significantly increased the specific surface areas of
the PVA aerogels likely due to the small pore sizes as well
as the high surface areas associated with CNFs and
MWCNTs. The surface areas of the PVA/CNF/MWCNT
aerogels decreased slightly with an increasing aerogel den-
sity, which may be attributed to the lower porosity at higher
densities.

TABLE 2

Physical and mechanical properties of aerogels
prepared by the freeze-drying method.

Relative  Young’s Yield

Density density modulus Stress Saer
Sample kgm™)  (p¥p,)  (kPa) (kPa) (m’g™)
PVA 25.42 £ 0.85 — 17£3 3903 79=x6
PVA/CNF 26.83 = 1.01 — 150 £ 11 22.6+14 15612
PVA/CNF/ 14.55 + 0.78 0.01104 54 x5 88 +0.7 196 =17
MWCNT-1
PVA/CNF/ 20.13 £ 0.65 0.01528 142+9 185+0.8 18715
MWCNT-2
PVA/CNF/ 26.00 £ 0.73 0.01974 3027 323 +0.6 181 x16
MWCNT-3
PVA/CNF/ 30.62 £ 1.19 0.02325 494 +15 475+14 17520
MWCNT-4

Mechanical Properties of the Aerogels

FIG. 10A shows the compression stress-strain curves for
the PVA, PVA/CNE, and PVA/CNF/MWCNT-3 aerogels
with similar densities (~26 kg m™>). The compressive modu-
lus of the PVA/CNF aerogels (16 wt % CNFs, 150 kPa) was
more than eight times higher than that of the pure PVA
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aerogels (17 kPa). While not wishing to be bound by theory,
this dramatic increase may be attributed to two factors: (1)
the CNF's had excellent mechanical properties making them
a desirable reinforcing nanofiller for polymers, (2) cross-
linking between the uniformly dispersed CNFs and PVA
through a reaction between the hydroxyl groups present on
both CNFs and PVA with the glutaraldehyde crosslinker
further strengthened the hybrid aerogels. The addition of a
small amount of hydroxyl-functionalized MWCNTs (4 wt
%) further increased the compressive modulus of the aero-
gels (i.e., PVA/CNF/MWCNT-3) from 150 kPa to 302 kPa
accounting for the twofold increase. Similar to CNFs,
MWCNTs also exhibit excellent mechanical properties and
thus are a desirable reinforcing nanofiller. Furthermore,
CNFs and MWCNTs both have high aspect ratios, making
it possible for them to form an entangled 3D network in the
aerogels. Lastly, these MWCNTs were functionalized with
hydroxyl groups, thereby enabling them to be covalently
integrated into the PVA/CNF/MWCNT network through the
crosslinking reaction. FIG. 10B shows the compression
stress-strain curves of the PVA/CNF/MWCNT aerogels at
different densities. Similar to other elastomeric foams, three
characteristic deformation regions can be observed by the
curves: (1) a linear elastic deformation region at low strain
due to elastic wall bending, (2) a plateau region with slowly
increasing stress after reaching a yield stress due to plastic
yielding of the cell wall material, and (3) a densification
region at higher strain where the stress rose sharply with the
strain due to densification of the porous structures.

The mechanical properties of the PVA/CNF/MWCNT
aerogels are summarized in Table 2. They had a strong
dependence on density. For instance, the Young’s modulus
and yield stress of PVA/CNF/MWCNT-4 (30.62 kg m™)
was more than 9- and 5-fold higher, respectively, than those
of the PVA/CNF/MWCNT-1 (14.55 kg m™>). The modulus
of the PVA/CNF/MWCNT-4 aerogels (30.62 kg m®) was
494 kPa, which was more than 6-fold higher than that of the
polymer/clay/nanotube aerogels with a density of 30 kg m™>
(79 kPa). FIG. 11 is plot of the correlation between the
mechanical properties (i.e., the Young’s modulus (E*) (FIG.
11A) and yield stress (o*) (FIG. 11B) of the PVA/CNE/
MWCNT aerogels with their relative densities (p*/p,). The
densities of the solid materials (p,) were calculated accord-
ing to the solid density of each component and their weight
ratios used in the formulation (Supporting information). The
Young’s modulus E* and yield stress o* were found to scale
with the relative density exponentially, namely,
E*~(p*/p,)*°> and o*~(p*/p,)**>. Similar Young’s modu-
Ius and relative density correlations were reported in other
types of low-density nanoporous materials with the expo-
nent ranging from 1.8 to 3.7 depending on the microstruc-
ture and formulations of the materials.

Thermal Conductivity and Thermal Stability of PVA/CNF/
MWCNT Aerogels

The thermal conductivities for the PVA/CNF/MWCNT-2,
3, and 4 aerogels measured at room temperature were
28.58+0.02, 29.26+0.03, and 30.7920.03 mWm 'K,
respectively, thereby making them suitable as mechanically
strong, ultralight thermal insulating materials. Thermal
transport in aerogels occurs via three mechanisms including
gaseous conduction, solid conduction, and radiation. Solid
conduction increases with an increasing density whereas
gaseous conduction and infrared radiative transfer decreases
with an increasing density. Previous studies via both mod-
eling and simulations, as well as experiments, have shown
that the thermal conductivity of aerogels decreases with
increasing density in the ultra-low density region until it



US 9,550,871 B2

21

reaches a minimum when the density ranges from 75 to 125
kg m™> (depending on the aerogel material), and then
increases with increasing density. The thermal conductivity
in our PVA/CNF/MWCNT aerogels is mainly governed by
the gaseous conduction due to the ultra-low density (<31 kg
m>). However, the thermal conductivity of the PVA/CNF/
MWCNT aerogels increased with density. This is likely due
to the fact that there was a higher amount of MWCNTs
present in the higher density hybrid aerogels than the lower
density hybrid aerogels, although the percentage of each
component in the formulation remained the same. MWCNTs
have excellent thermal conductivity 2x10° mW m~'K~!)
which can induce higher solid conduction in aerogels lead-
ing to high thermal conductivity.

The thermal stability of the various aerogels was mea-
sured by TGA in nitrogen from room temperature to 600° C.
and is shown in FIG. 12. The thermal stability of the
PVA/CNF/MWCNT aerogel decreased in comparison with
the PVA/CNF aerogel as shown in FIG. 12A. For example,
the temperatures corresponding to a 10% weight loss in the
PVA/CNF aerogels (287° C.) were higher than that of the
PVA/CNF/MWCNT-3 (274° C.). This may be attributed to
the PVA/CNF/MWCNT aerogel’s higher BET surface area
and thermal conductivity as compared to PVA/CNF, making
it more susceptible to thermal degradation. The PVA/CNF/
MWCNT aerogels produced 4 wt % more carbonaceous
residues after thermal degradation, which was equivalent to
the amount of MWCNTs incorporated in the PVA/CNF/
MWCNT aerogels. The thermal stability of the PVA/CNF/
MWCNT aerogels decreased slightly with increasing den-
sity (FIG. 12B), which may be attributed to higher thermal
conductivities at higher aerogel densities.

CONCLUSION

High-performance “green” PVA/CNF/MWCNT hybrid
organic aerogels were prepared using an inexpensive and
environmentally friendly method with renewable materials.
These unique PVA/CNF/MWCNT hybrid aerogels had
ultra-low densities (<31 kg m™>), high surface areas (160-
200 m? g'), and very low thermal conductivities (<31
mWm™'K™). Moreover, the PVA/CNF/MWCNT hybrid
organic aerogels demonstrated excellent mechanical prop-
erties, which can be attributed to the excellent mechanical
properties of CNFs and MWCNTs, and the strong interac-
tions between PVA, CNF, and MWCNTs via both chemical
crosslinking and the formation of entangled 3D networks.
The mechanical properties of the PVA/CNF/MWCNT aero-
gels had an exponential correlation with their relative den-
sities. These environmentally friendly and mechanically
robust aerogels can potentially be used for a wide range of
applications including thermal insulation, structural compo-
nents, and catalyst supports.

EQUIVALENTS

The embodiments, illustratively described herein, may
suitably be practiced in the absence of any element or
elements, limitation or limitations, not specifically disclosed
herein. Thus, for example, the terms “comprising,” “includ-
ing,” “containing,” etc., shall be read expansively and with-
out limitation. Additionally, the terms and expressions
employed herein have been used as terms of description and
not of limitation, and there is no intention in the use of such
terms and expressions of excluding any equivalents of the
features shown and described or portions thereof, but it is
recognized that various modifications are possible within the
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scope of the claimed technology. Additionally, the phrase
“consisting essentially of” will be understood to include
those elements specifically recited and those additional
elements that do not materially affect the basic and novel
characteristics of the claimed technology. The phrase “con-
sisting of” excludes any element not specified.

The present disclosure is not to be limited in terms of the
particular embodiments described in this application, which
are intended as illustrations of various aspects. Many modi-
fications and variations can be made without departing from
its spirit and scope, as will be apparent to those skilled in the
art. Functionally equivalent compositions, apparatuses, and
methods within the scope of the disclosure, in addition to
those enumerated herein, will be apparent to those skilled in
the art from the foregoing descriptions. Such modifications
and variations are intended to fall within the scope of the
appended claims. The present disclosure is to be limited only
by the terms of the appended claims, along with the full
scope of equivalents to which such claims are entitled. It is
to be understood that this disclosure is not limited to
particular methods, reagents, compounds, compositions or
biological systems, which can, of course, vary. It is also to
be understood that the terminology used herein is for the
purpose of describing particular embodiments only, and is
not intended to be limiting.

In addition, where features or aspects of the disclosure are
described in terms of Markush groups, those skilled in the
art will recognize that the disclosure is also thereby
described in terms of any individual member or subgroup of
members of the Markush group.

As will be understood by one skilled in the art, for any and
all purposes, particularly in terms of providing a written
description, all ranges disclosed herein also encompass any
and all possible subranges and combinations of subranges
thereof. Any listed range can be easily recognized as suffi-
ciently describing and enabling the same range being broken
down into at least equal halves, thirds, quarters, fifths,
tenths, etc. As a non-limiting example, each range discussed
herein can be readily broken down into a lower third, middle
third and upper third, etc. As will also be understood by one
skilled in the art, all language such as “up to,” “at least,”
“greater than,” “less than,” and the like, include the number
recited and refer to ranges which can be subsequently
broken down into subranges as discussed above. Finally, as
will be understood by one skilled in the art, a range includes
each individual member.

While certain embodiments have been illustrated and
described, it should be understood that changes and modi-
fications can be made therein in accordance with ordinary
skill in the art without departing from the technology in its
broader aspects as defined in the following claims.

What is claimed is:

1. An aerogel comprising:

a water-soluble organic polymer having a weight-average

molecular weight

ranging from about 15,000 to about 150,000 Da,

cellulose nanofibrils and/or nanocrystals, and

water-soluble graphene oxide,

wherein the water-soluble polymer, and the cellulose

nanofibrils and/or nanocrystals are cross-linked to each
other with a crosslinker such that the water-soluble
organic polymer is no longer water-soluble; and
wherein the aerogel has a density of not more than
about 100 kg/m® and a compressive modulus of about
50 kPa to about 500 kPa.

2. The aerogel of claim 1, wherein the water-soluble
organic polymer is a thermoplastic polymer.
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3. The aerogel of claim 1, wherein the water-soluble
organic polymer is polyvinyl alcohol, polyethylene glycol,
polyacrylamide, polyacrylic acid, polymethacrylic acid, or a
combination of any two or more thereof.

4. The aerogel of claim 1 wherein the water-soluble
polymer is polyvinyl alcohol.

5. The aerogel of claim 1, wherein the water-soluble
organic polymer is a thermoset polymer comprising at least
90 mol % water-soluble organic monomers.

6. The aerogel of claim 1, wherein the water-soluble
organic polymer is polymerized resorcinol-formaldehyde,
phenol-formaldehyde, urea-formaldehyde, polyamic acid
salt or a combination of any two or more thereof.

7. The aerogel of claim 1, wherein the water-soluble
polymer is polymerized resorcinol-formaldehyde.

8. The aerogel of claim 1, wherein the crosslinker is
sodium borate, boric acid, organic dialdehyde, or a combi-
nation of any two or more thereof.

9. The aerogel of claim 1, wherein the cellulose nanofi-
brils or nanocrystals have a diameter of about 5 to about 30
nm and length of about 10 nm to about 8 micrometers.

10. The acrogel of claim 1, wherein the water-soluble
graphene is graphene oxide nanosheets.

11. The aerogel of claim 1, further comprising a surface
modifier.

12. The aerogel of claim 11 wherein the crosslinker is
glutaraldehyde.

13. The aerogel of claim 11 wherein the surface modifier
is a silane compound.

14. The aerogel of claim 13 wherein the silane is a
trialkylsilane, a dialkylarylsilane, an alkyldiarylsilane, a
triarylsilane, a trichlorosilane, or a combination of any two
or more thereof.

15. The aerogel of claim 1, having a specific compressive
strength ranging from about 0.001 MPa/kg m® to about 0.1
MPa/kg m>.

16. The aerogel of claim 1, having a strain-at-failure of at
least about 60%.

17. The aerogel of claim 1, having a porosity of at least
about 90%.
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18. The acrogel of claim 1, having a thermal conductivity
of about 10 mWm™'K~! to about 60 mWm~'K~'.
19. An insulation composition comprising an aerogel of
claim 1.
5 20. The insulation composition of claim 19 wherein the
insulation is thermal insulation, acoustic insulation or elec-
trical insulation.
21. An aerogel comprising:
a water-soluble organic polymer,
cellulose nanofibrils and/or nanocrystals, and
water-soluble graphene oxide,
wherein the water-soluble polymer and the cellulose
nanofibrils and/or nanocrystals are cross-linked to each
other with a crosslinker such that the water-soluble
organic polymer is no longer water-soluble; and
wherein the crosslinker is selected from the group
consisting of sodium borate, boric acid, organic dial-
dehyde, or a combination of any two or more thereof.
22. A method of making the aerogel of claim 1, the
method comprising:
combining a water-soluble organic polymer, cellulose
nanofibrils and/or nanocrystals, and a water-soluble
graphene oxide in water;
cross-linking the water-soluble organic polymer and the

» cellulose nanofibrils and/or nanocrystals to each other,
such that the water-soluble organic polymer is no
longer water-soluble; and

removing the water from the resulting gel to form the
0 aerogel.

23. The method of claim 22, wherein the water-soluble
polymer is polyvinyl alcohol or polymerized resorcinol-
formaldehyde.

24. The method of claim 22, wherein the water is removed
by freeze-drying the gel to form the aerogel.

25. The method of claim 22, wherein the aerogel com-
prises water-soluble graphene oxide, further comprising
contacting a surface of the aerogel with a surface modifying
agent to provide a surface-modified aerogel.
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