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ABSTRACT: Hybrid organic aerogels consisting of polyvinyl alcohol
(PVA), cellulose nanofibrils (CNFs), and graphene oxide nanosheets
(GONSs) were prepared using an environmentally friendly freeze-drying
process. The material properties of these fabricated aerogels were
measured and analyzed using various characterization techniques including
compression testing, scanning electron microscopy, thermogravimetric
(TGA) analysis, Brunauer—Emmet—Teller (BET) surface area analysis,
and contact angle measurements. These environmentally friendly,
biobased hybrid organic aerogels exhibited a series of desirable properties
including a high specific compressive strength and compressive failure
strain, ultralow density and thermal conductivity, good thermal stability,
and moisture resistance, making them potentially useful for a broad range
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of applications including thermal insulation.
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B INTRODUCTION

Aerogels are lightweight materials that have drawn significant
attention because of their combination of unique properties
including a high porosity (typically 95%—99%), low density
(typically less than 400 kg/m?®), high specific surface area,
excellent thermal, acoustic, and electrical conductivities, 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.z_4 For instance, NASA has
developed a series of silica-based inorganic aerogels for various
space applications such as launch vehicles, space shuttle
upgrades, interplanetary propulsion, space suits, and life
support equipment.’~'" Various types of inorganic-based
aerogels have also been developed and commercialized for
applications in the structural insulation, clothing, aviation,
automotive, and aerospace industries. However, inorganic
(mainly silica) aerogels often suffer from intrinsic brittleness,
which consequently limits their use in applications where both
high toughness and strength are required. As such, there is an
increasing interest in developing unique organic aerogels with
superior properties.lz_15

Recently, nanocellulose-based aerogels have been actively
studied.'®"** Cellulose nanofibrils (CNF)-based aerogels have
demonstrated high surface areas and excellent flexibility and
deformability due to the entanglement of high-aspect-ratio
CNFs and the presence of strong hydrogen bonds.”’ CNFs are
derived from cellulose, which is an abundant biomass. Cellulose
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is one of three predominant components in lignocellulosic
biomass; hemicelluloses and lignin are the other two. Unlike
petroleum-based resources, lignocellulosic biomass is renewable
and sustainable. Furthermore, its three components can be
readily separated using mature technologies.”*** CNFs can be
prepared from cellulose via various techniques,”~*’ including
(1) processing of macroscopic fibers under high shear
mechanical stress;***° (2) 2,2,6,6,-tetramethylpiperidine-1-oxyl
(TEMPO)-mediated oxidation;* or (3) enzymatic hydrolysis
of macroscopic fibers followed by homogenization under high
shear mechanical stress.””*® CNFs produced from the
aforementioned methods form hydrogels in water, even at
very low concentrations (<0.5 wt %).27—29 CNF aerogels are
fabricated by removing the interstitial liquid and replacing it
with dry air. Special drying methods, such as supercritical
drying or freeze-drying, are needed to avoid destroying the
integrity of the network structure due to the high surface
tension or capillary pressure between the water and the
hydrogel network. Freeze-drying is an inexpensive, easy, and
environmentally friendly method that can be used in the mass
production of aerogels. Unlike the supercritical drying method,
freeze-drying does not require multistep and time-consuming
solvent exchange procedures and delicate handling of the gels.*’
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Despite their remarkable characteristics, such as their
extremely low density (5—20 kg/m?) and deformability, CNF
aerogels suffer from inferior strength and modulus as compared
to their inorganic counterparts. Herein, we report a new type of
CNF-based hybrid organic aerogel comprised of a CNF
skeleton in combination with a water-soluble thermoplastic
polymer (i, polyvinyl alcohol (PVA)) and graphene oxide
nanosheets (GONSs) (abbreviated as PVA/CNF/GONS),
which could overcome these deficits. In addition, the effects
of silanization on the surface properties of the CNF-based
aerogels were extensively studied. PVA is an inexpensive
polymer that possesses desirable properties such as water
solubility, biocompatibility, and biodegradability.”’ GONSs
were chosen as the second nanofiller in this hybrid organic
aerogel system because they are water-soluble and have
excellent mechanical properties, large surface-to-volume ratios,
and a large amount of oxygen atoms on their surface, thus
enabling the formation of strong hydrogen bonds among the
three components—i.e., PVA, CNF, and GONS. Freeze-drying
was employed to fabricate these novel organic aerogels as it is
inexpensive, easy, scalable, and capable of producing high-
quality components in any desired geometry. These hybrid
organic aerogels demonstrated excellent mechanical, thermal,
and surface properties, hence making them potentially useful
for a wide range of applications including flexible thermal
insulations in both residential and commercial construction,
aerospace, and commercial aircrafts.

B EXPERIMENTAL SECTION

Preparation of Cellulose Nanofibrils (CNFs). TEMPO-oxidized
CNFs used in this study were prepared according to the work reported
by Saito et al.*® Bleached eucalyptus pulp fibers were carboxylated
using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) (>96%, Sigma
Aldrich), sodium chlorite (Sigma Aldrich), and sodium hypochlorite
(Sigma Aldrich) as the reactants at 60 °C for 48 h. 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, and the coarse fraction was rejected. The
nanofiber suspension was concentrated to a solid content of
approximately 0.4% using ultrafiltration. A final refining step was
performed, in which the nanofiber suspension was passed once
through an M-110EH-30 Microfluidizer (Microfluidics, Newton, MA)
with 200- and 87 um chambers in series. Further characterization of
the CNFs is described in the Supporting Information.

Preparation of Graphene Oxide Nanosheets (GONSs).
GONSs were prepared from purified natural graphite powder using
an improved Hummer’s method reported by Marcano et al.*> Briefly, 1
g of graphite flakes (Sigma Aldrich) 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,
(Sigma Aldrich). The graphite oxide was washed and centrifuged with
ethanol, HCl, 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 ym pore size) and vacuum-
dried overnight at room temperature.

Preparation of Cross-Linked PVA/CNF/GONS Aerogels. PVA
solution (2.0 mL, 10%) (Sigma Aldrich), CNF solution (4.0 mL,
0.50%), 20 mg of GONSs, and desired amounts of water were mixed
and vigorously stirred in a flask for 1 h. Then, glutaraldehyde solution
(80 uL, 25% in H20) (Grade 1I, Sigma Aldrich) and sulfuric acid (8
UL, 5.0—10.0%) (Sigma Aldrich) were added to the above solution,
and were stirred for 1 h. At the final stage, the mixture was sonicated in
an ultrasonic bath for 10 min. The resulting aqueous gels were
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transferred into aluminum pans and cross-linked in a vacuum oven at
75 °C for 3 h. The cross-linked gels were precooled to 4 °C in the
fridge overnight and then quenched at —78 °C in dry ice—acetone
solution. The frozen samples were freeze-dried in a lyophilizer at
—87.0 °C and 0.0014 mBar vacuum for three days. The resulting
aerogels were then stored in a desiccator for further characterization. A
detailed description of the preparation methods for various
formulations is provided in the Supporting Information section.
Surface Modification of Cross-Linked PVA/CNF/GONS
Aerogels. The surface modification of the PVA/CNF/GONS
aerogels was carried out by chemical vapor deposition using two
different silane compounds (silane 1, (tridecafluoro-1,1,2,2-tetrahy-
drooctyl trichlorosilane) (Gelest Inc.); and silane 2, (4-(trifluor-
omethyl-tetrafluorophenyl) triethoxysilane) (Gelest Inc.). The chem-
ical structures of the silane compounds are schematically shown in
Figure 1. A small glass vial containing one of the selected silane
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Figure 1. Schematic representation of the silane compounds used for
the surface treatment of the PVA/CNF/GONS aerogels. Silane 1,
tridecafluoro-1,2,2-tetrahydrooctyl trichlorosilane; and silane 2, 4-
trifluoromethyl-tetrafluorophenyl triethoxysilane.

compounds together with the aerogel samples were placed in a large
glass jar, which was heated in 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 3 X 1072 mbar or less.

Characterization Methods. 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 aerogels 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 carried 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—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, 60, 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 Diffractometer (Bruker AXS, Madison,
WI, USA) using CuKa radiation generated at 40 kV and 30 mA. The
X-ray scattering was detected with 26 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.

B RESULTS AND DISCUSSION

Compression Testing of Aerogels. Figure 2 shows the
densities of the various aerogel samples made from CNFs,
GONSs, and PVA. The densities of various aerogels ranged
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Figure 2. Densities of the aerogels made of various formulations
consisting of CNFs, GONSs, and PVA that are either cross-linked or
non-cross-linked.

from 15 to 35 kg/m’. The specific compressive strength of the
aerogels was calculated by dividing its ultimate compressive
stress at 80% strain by its density.

The compressive behaviors of a series of aerogels made of
CNFs, GONSs, and PVA that were either cross-linked or non-
cross-linked are shown in Figure 3. The mechanical properties
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Figure 3. Compressive behaviors of aerogels made of various
formulations consisting of CNFs, GONSs, and PVA that were either
cross-linked or non-cross-linked.

of aerogels can be influenced by many factors including
composition/formulation, microstructure, and relative den-
sities. The material properties of the various components
forming the aerogels including CNFs, GONSs and PVA in this
case can also affect the mechanical properties of the aerogels. As
discussed earlier, CNFs can be prepared via different methods
leading to CNFs with different morphology, structure, and
hence material properties.”>~>’ For instance, it was reported
that CNFs prepared via enzymatic hydrolysis could form very
strong aerogels due to the strong entanglement between these
long and flexible CNFs.**” A number of studies also
demonstrated that the mechanical properties of the aerogels
(e.g, compressive strength and elastic modulus) and their
relative densities exhibited a power-law relationship with the
exponent typically ranging from 2 to 4, depending on the
specific microstructure of the aerogel network.>>>°
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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 to 0.1 MPa. This drastic improvement (more than 800%)
can be attributed to PVA’s long polymeric chains resulting in
high density hydrogen bonding to CNFs and GONSs. %>

Reinforcing structurally weak aerogels using polymers and/or
other type of nanoparticles has been reported previously in a
number of studies. For instance, silica-based aerogels have been
reinforced by various types of polymers including isocya-
nates,” acrylates,** and epoxy'® to improve their mechanical
properties and load bearing capabilities. In addition, Schiraldi et
al. reported a number of techniques including in situ
polymerization of N-isopropylacrylamide,*" addition of cellu-
lose nanowhiskers* or short-cut natural fiber,*® and incorpo-
ration of PVA** to reinforce clay-based aerogels. Bandi et al.
investigated the effects of adding PVA on the glass transition
temperature and crystallinity of the resulting clay-based
aerogels.*> Hostler et al. reported that incoporation of PVA
enhanced the mechanical strength of the clay-based aerogels.**
Pojanavaraphan et al. demonstrated a remarkable improvement
in the mechanical properties of casein/clay aerogels through
cross-linking of the polymer and formation of a 3-D network
structure.** Similar approach was used in the present study to
cross-link the PVA chains as well as the CNF and GONS
nanoentities. Figure 4 shows the specific compressive strength
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Figure 4. Specific compressive strengths of the aerogels made of
various formulations consisting of CNFs, GONSs, and PVA that were
either cross-linked or non-cross-linked.

of the aerogels made of various formulations consisting of
CNFs, GONSs, and PVA that were either cross-linked or non-
cross-linked. The specific compressive strength of the PVA/
CNF/GONS aerogel was considerably 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 GONS/CNF (more than 4 fold) or PVA
(more than 6 fold).

Microstructures of the PVA/CNF/GONS Aerogels.
Figure Sa—c show the SEM images of the CNF, PVA, and
PVA/CNF/GONS aerogels prepared by the freeze-drying
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Figure S. SEM images of (a) CNF, (b) cross-linked PVA, and (c)
cross-linked PVA/CNF/GONS aerogels prepared via the freeze-drying
method (scale bar: 2 um).

method, respectively. All three types of aerogels exhibited an
interconnected spongelike porous structure with pore sizes
ranging from several hundreds of nanometers to a few
micrometers. The microstructure of the CNF aerogel exhibited
a hierarchical structure; ie., there are scattered regions with
lower aerogel densities which form open micrometer-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
micrometer-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 sheetlike networks. The formation of such
hierarchical structures in CNF aerogels has been previously
reported by several groups.>"*!

For the PVA aerogels (Figure Sb), the pores were
qualitatively more uniform and had smaller diameters
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compared to those of CNF aerogel (Figure Sa). 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 Figure Sc, 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 aero-
gels are superhydrophilic and they tend to absorb moisture and
swell in water because of the high density of the hydroxyl
groups present at the surfaces of the PVA, CNFs, and
GONSs.'® To obtain hydrophobic surfaces, we functionalized
the hydroxyl groups on the surface of the PVA/CNF/GONS
aerogel structures with silane compounds in the gaseous phase
through a simple chemical vapor deposition method. Two
silane compounds (silane 1, tridecafluoro-1,2,2-tetrahydrooctyl-
trichlorosilane; and silane 2, 4-trifluoromethyl-tetrafluoro-
phenyl triethoxysilane) were studied as the coating material
and the resulting wetting and swelling properties were
evaluated (cf. Figures 6 and 7).

t: 120s

a)

b)

t: 60s
|
|

Figure 6. Contact angle measurements of (a) pristine PVA/CNEF/
GONS aerogels, (b) PVA/CNF/GONS aerogels treated with silane 1,
and (c) PVA/CNF/GONS aerogels treated with silane 2 using water
droplets.

0)

As shown in Figure 6a, for the pristine PVA/CNF/GONS
aerogel (ie, before silane treatment), the water droplets
showed a very small contact angle (6 ~ 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
0 =~ 143.6° for silane 1 and silane 2, respectively, at £ = 10 s). As
can be seen in Figures 6b, 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 treat-
ment,**7>!

Figure 7 demonstrates the water swelling behavior of the
cross-linked and non-cross-linked PVA/CNF/GONS aerogels
before and after silane treatment. Before silane treatment, the
non-cross-linked PVA/CNF/GONS aerogels were not stable in
water and fell apart shortly after submersion in water. However,
cross-linked PVA/CNF/GONS aerogels were stable in water
and their 3D structures did not disintegrate after submersion in
water due to the formation of a highly cross-linked PVA
network. As can be seen in Figure 7a, prior to silane treatment,
cross-linked PVA/CNF/GONS aerogels absorbed water to

dx.doi.org/10.1021/am400171y | ACS Appl. Mater. Interfaces 2013, 5, 5969—5975
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Figure 7. (a) Swelling characteristics of the PVA/CNF/GONS
aerogels before and after silane treatment. (b) Magnified version of a.

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 superhydrophilic
nature as previously demonstrated by contact angle measure-
ments.'

However, after silane treatment (both silane 1 and silane 2),
the non-cross-linked 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. The improved stability of the non-
cross-linked 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 Figure 7b, after silane treatment, the
cross-linked PVA/CNF/GONS aerogels demonstrated slightly
less water swelling (3.4% for silane 1 and 6.5% for silane 2) as
compared to their non-cross-linked counterparts.

Finally, it may be worth pointing out that the compressive
strengths of the PVA/CNF/GONS aerogels before and after
silane treatment were also compared and it was found that
statistically, silanization did not cause any significant difference
in mechanical properties.

Thermal Conductivity and Thermal Stability of the
PVA/CNF/GONS Aerogels. For certain applications, partic-
ularly for thermal insulation applications, ultralow thermal
conductivities and high thermal stabilities are desirable. The
thermal conductivity of the PVA/CNF/GONS aerogels was
4.53 X 1072 (£ 0.01 X 107%) Wm™" K! at ambient conditions.
The high porosity (>90%) and small-sized pores possessed by
the aerogels resulted in a drastically lower thermal conductivity
in comparison with their solid counterparts. This is due to the
fact that thermal transportation in aerogels is mainly governed
by the gaseous phase (air), whose thermal transportation rate is
significantly lower than that of the solid phase and/or
radiation.>>>%>*

Thermal transport in aerogel occurs via gaseous conduction,
solid conduction, and infrared radiative transfer. Solid
conduction increases with increasing density whereas gaseous
conduction and infrared radiative transfer decreases with
increasing density. Simulations as well as experiments have
shown that the thermal conductivity of aerogels decreases at
ultralow densities with increasing density until it reaches a
minimum at densities ranging from 75 to 12§ kg/m3
(depending on the aerogel material) and then increases with
increasing density.

The thermal stability of the cross-linked and non-cross-linked
PVA/CNF/GONS aerogels were examined before and after
silane treatment using thermogravimetric analysis. As shown in
Figure 8, one significant weight loss step was observed for all
the samples. However, for nonsilane-treated aerogels, cross-
linked PVA/CNF/GONS aerogels demonstrated considerable
improvement in thermal stability over their non-cross-linked
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Figure 8. PVA/CNF/GONS aerogels’ weight loss as a function of temperature.
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counterparts. For example, the temperatures corresponding to
20% weight loss for the cross-linked and non-cross-linked
PVA/CNF/GONS aerogels were 337 and 305 °C, respectively.
The better thermal stability exhibited by the cross-linked
samples may be attributed to the formation of extra carbon—
carbon bonds as the result of aerogel network cross-linking.*®
In addition, surface treatment with both types of silane
improved the thermal stability of both non-cross-linked and
cross-linked PVA/CNF/GONS aerogels which can be
attributed to the retardation of PVA thermal decomposition
by covalent bonds formed between PVA and silica. Upon
coating the samples with silane 1, the temperatures
corresponding to 20% weight loss for the cross-linked and
non-cross-linked PVA/CNF/GONS aerogels shifted to higher
temperatures (339 °C for both cross-linked and non-cross-
linked). The thermal stability improvement corresponding to a
20% weight loss for cross-linked and non-cross-linked PVA/
CNF/GONS aerogels after treatment with silane 2 was 353 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 220 + 44 m?/g, which was
lower than that of the GONS (495 + 41 (m®/g)), PVA/GONS
(243 + 57 (m?/g)), and CNF/GONS (358 + 30 (m*/g))
aerogels, but was higher than that of CNF (140 + 15 (m’/g)),
PVA (80 + 8 (m?/g)), and PVA/CNF (190 + 36(m?/g))
aerogels (c.f. Figure 9).

600

500
400
300

Al

Specific Surface Area (m?/g)

200
100

Figure 9. BET specific surface areas of CNF, GONS, PVA aerogels,
and their composites.

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 ultrahigh surface areas depending on
the level of exfoliation of the nanofillers and consequently
accessible surfaces for gas adsorption.””>*

B CONCLUSIONS

PVA/CNF/GONS hybrid organic aerogels with ultralow
densities (<3S kg/m?) and excellent material properties were
successfully prepared using an environmentally friendly, simple,
scalable, and cost-effective method (viz. freeze-drying). More-
over, the surface of the PVA/CNF/GONS aerogel was
chemically modified using an easy silane treatment method
which produced a hydrophobic surface, thus leading to an
extremely low swelling ratio and rate of moisture absorption.
These highly porous, lightweight, sustainable aerogels pos-
sessed excellent specific compressive strengths and compressive
failure strain at very low densities. The thermal conductivity of
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this aerogel was 0.045 W m™' K™, which could be further
reduced by increasing the density of the aerogel. These hybrid
organic aerogels can offer a broad range of properties that make
them a cost-effective and environmentally friendly alternative
for thermal insulation materials used in housing, clothing,
aerospace, and commercial aircraft industry.
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