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phene-nanoplatelets on gelation
and structural integrity of
a polyvinyltrimethoxysilane-based aerogel†
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Sasan Rezaei, a Hani E. Naguib c and Chul B. Park *a

Aerogels suffer greatly from poor mechanical properties resulting from their particulate structure. They also

experience noticeable pore shrinkage during drying due to their low structural integrity. These shortfalls

limit their broad application. To enhance the mechanical properties and improve the structural integrity

of silica-based aerogels, graphene nanoplatelets (GnPs), as a nanofiller, were embedded into the solution

of polymerized vinyltrimethoxysilane (VTMS) to prepare P-VTMS-based silica/GnP (PE-b-Si/GnP) hybrid

aerogel monoliths based on sol–gel synthesis and supercritical drying. The inclusion of GnPs in our

polymer-based silica aerogel processes reinforced the nanostructure and suppressed PE-b-Si nanopore

shrinkage during supercritical drying, thus acting as an effective anti-shrinkage nanofiller. Accordingly,

the GnPs significantly contributed to the PE-b-Si solution's uniform gelation and to the change of the

hydrophilic nature to a hydrophobic one even with 1 wt% addition. In this study, the influence of the GnP

content on the sol–gel process, structure, and physical properties of PE-based silica aerogels is studied.
1. Introduction

Silica-based aerogels are a new mesoporous class of solid
materials made of low-density solids (�0.003–0.5 g cm�3), with
a high degree of porosity (50–99.8%).1 They are derived from gel
materials in which the liquid constituent is substituted with gas
to leave the interconnected solid structures intact, without
noticeable structural collapse. Thus, their high porosity and low
density make them among the lightest of solid materials.2

Silica-based aerogels are very fragile, with both poor mechanical
properties,7,8 and a hydrophilic nature,5 all of which dramati-
cally limit their applications.

A new class of aerogels called polymer-based silica aerogels
has recently been created using polymerized precursors6 with
both nonparticulate (co-continuous)7,8 and particulate8–10

structure with different morphologies though the same range of
properties. Zu et al.8–10 created series of transparent super-
exible aerogels from a vinylmethyldimethoxysilane (VMDMS)
or vinylmethyldiethoxysilane (VMDES) by radical polymeriza-
tion followed by hydrolytic polycondensation resulting in
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a doubly crosslinked morphology. They showed low-density
aerogels (�0.2 g cm�3) with exible hydrocarbon backbone
chains, and elastic polymethylsiloxanes crosslinks leading to
excellent superexibility in both bending and compression
while maintaining the superinsulating properties (�l ¼ 15.2
mW m�1 K�1). More specically, in nonparticulate polymer-
based silica aerogels, the conventional silica-based aerogel
particulate structure has been eliminated by introducing spi-
nodal decomposition to offset the long aging process and
strengthen the particle-to-particle neck, meaning the connec-
tions between the particles are no longer a concern as the
structure is not particulate. This nonparticulate class of aero-
gels, and particularly the PVTMS-based silica aerogel
(PVPDMS),10 has shown great mechanical strength (�2 MPa)
and excellent thermal insulation characteristics (�15–27 mW
m�1 K�1) when compared with their conventional silica-based
aerogel counterparts.11,12 Interestingly, the particulate aerogels
that are similar to the PE-based materials (PVPSQ)12,13 can
exhibit almost the same mechanical properties; although four
days of aging is required to strengthen the gel resulting in
a structure with a limited void fraction.16 The limitation of a low
void fraction in this new class of aerogels (polymer-based
particulate structure) can be improved using spinodal decom-
position phase separation during polycondensation by
increasing the amount of catalyst to accelerate hydrolytic poly-
condensation leading to a polymer-based co-continuous
nanostructure.7,9

Several studies showed the reinforcement of the conven-
tional salt-based silica aerogels with biopolymers namely,
RSC Adv., 2019, 9, 11503–11520 | 11503

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra00994a&domain=pdf&date_stamp=2019-04-11
http://orcid.org/0000-0002-6151-1539
http://orcid.org/0000-0002-2710-7364
http://orcid.org/0000-0002-3234-2713
http://orcid.org/0000-0003-4822-9990
http://orcid.org/0000-0002-9384-8953


RSC Advances Paper
polysaccharides (such as cellulose,14 pectin,15 and chitosan16), or
protein (such as silk broin17), as well as carbon materials (such
as graphene,18,19 graphene nanoplatelets (GnPs), and graphene
oxide (GO)20–23). Besides, some studies showed that the addition
of GnPs or GO can introducemultifunctionalities to the new class
of aerogels made of pre-polymerized silica-based precursors
(�30 wt% GnPs).10 Recently, GnPs have attracted a great deal of
attention as a reinforcing nanoller in polymer composites,24,25

which is due to their unique two-dimensional honeycomb layer
structure,26,27 their excellent mechanical properties28 and their
isotropic reinforcement capability in more than one direction.
During the past several years, a number of polymers, including
poly(vinyl alcohol),29,30 poly(vinylidene uoride),31,32 poly-
urethane,33 cellulose,34 chitosan,35 and so forth, have been used to
prepare GnP–polymer composites, in which the mechanical
properties have been signicantly enhanced. Several studies have
been published on GnP and silica composites with various GnP
contents.36 Watcharotone et al.37 created a mixture of hydrolyzed
tetramethyl orthosilicate (TMOS) in a GnP suspension and then
further dried it by removing the solvent at an ambient condition,
resulting a GnP/silica material (11 wt% GnP content). Although,
the presence of GnPs in the silica composite improved its
structural integrity, as well as its mechanical and physical prop-
erties, the GnP amount used was always large (>10 wt%). Zu
et al.10 also added 30 wt% GnP to polyvinylpolydimethylsiloxane/
polyvinylpolymethylsiloxane (PVPDMS/PVPMS) wet gel and
further dried the gel with freeze drying to create a GnP-
functionalized particulate PVPDMS/PVPMS aerogel with
a particle size in the range of 20–100 nm.10 Reportedly, the
presence of GnPs has signicantly improved the mechanical
properties of the PVPDMS/PVPMS aerogel.10 However, there is no
report on the anti-shrinkage effect of GnP in the aforementioned
studies. Dervin et al.38 demonstrated a change in the physical
characteristics of the conventional particulate silica aerogels,
using GO leading to an increased surface area from 390 m2 g�1

(pure SiO2 aerogel) to 798 m2 g�1 (2 wt% GO–SiO2 aerogel) with
a 19% decrease in volume shrinkage.

Despite the excellent improvements of the new class of
polymer-based silica aerogels, shrinkage still occurs during the
gelation and drying process, especially during ambient-pressure
drying, which is unavoidable when making aerogels due to the
large capillary pressure on the pore walls. To lower the capillary-
pressure gradients on the pore walls during the drying process,
the supercritical-uid drying technique has been used exten-
sively in aerogel production.3,4,39–42 In this process, the liquid in
the pores is removed above the critical pressure and tempera-
ture, and this produced minimal liquid–vapor interfaces. Such
a result could be achieved, to some extent, by using the super-
critical- and/or freeze-drying technique. However, there was still
noticeable shrinkage in the aerogel structure aer the drying
process,9,10 which might have been due to the low integrity and/
or exibility of the underlying gel structure, causing permanent
or semi-permanent shrinkage during the gelation and/or drying
processes.

Here, by investigating the effect of the spinodal decompo-
sition process in creating a nonparticulate morphology in the
GnPs' orientation and dispersion, we studied how the gelation
11504 | RSC Adv., 2019, 9, 11503–11520
reaction can participate in the inclusion of GnPs in the aerogel
backbone during the sol–gel process to strengthen the body of
the gel. The use of spinodal decomposition to create a non-
particulate gel network helps to offset the required long aging
step in the binodal process, which is inevitable to strengthen
the particle-to-particle neck.

2. Materials and methods
2.1. Materials

Di-tert-butyl peroxide (DTBP, 98%), ammonium hydroxide
solution (ACS reagent, 28–30% NH3 basis), and VTMS (98%)
were purchased from Sigma-Aldrich. Graphene nanoplatelets
(GnPs, heXo-G V4) were provided by NanoXplore™. Denatured
ethanol and distilled water were purchased from Fisher
Scientic.

2.2. Polymeric precursor synthesis

The molar ratio of the initiator to the VTMS (60 gr, 98%, Sigma-
Aldrich) Rwas 0.1. Hence, the DTBP (6 g, 0.04mol), acting as the
thermal initiator, was dissolved in the VTMS (60 g, 0.4 mol) at
the room temperature. A four-neck ask equipped with
a condenser and a stirrer was then heated to 125 �C in a silicon
oil bath. Next, the VTMS and the DTBP mixture were poured
into the ask, and the reaction proceeded in a nitrogen atmo-
sphere at a rotational speed of 200 rpm for 3 hours. To remove
all of the unreacted monomer and initiator, the ask was placed
in a vacuum oven at 125 �C for 1 hour at a reduced pressure.
Finally, the polymer was poured into a closed container, and
was cooled to the room temperature for further characteriza-
tion. Silane functionalized polyethylene (poly-
vinyltrimethoxysilane, P-VTMS, PE-based silica) was made in
a batch polymerization glass reactor. A P-VTMS with a molec-
ular weight of �10 000 was achieved with a DPI of 74.

2.3. Sol–gel synthesis for pure and GnP-reinforced PE-based
silica wet gels (PE-b-Si/GnP)

The procedure of sol–gel synthesis to produce pure PE-based
silica gel has been fully described in our previous studies.7,43

In summary, to develop a wet gel for a pure PE-b-Si gel, 4 g of
a polymeric precursor, with 5.4 g of ammonia (catalyst), was
added to 20 ml of ethanol, and then warmed at 40 �C. The
mixture gelled aer 90 minutes and provided sample 1.

Samples 2, 3, and 4 were made followingly by suspending
0.5, 1, and 2 wt% GnP in the PE-b-Si solution in ethanol (PE-b-Si
with GnP: PE-b-Si/GnP0.5, PE-b-Si/GnP1.0, and PE-b-Si/GnP2.0,
respectively) prior to the gelation process at the theoretical
density of 0.2 g ml�1. All of the mixtures were then gelled/
crosslinked in a one-step sol–gel process by adding ammo-
nium hydroxide in a 1 : 1 molar ratio to the silicon (Si) portion.
They were then heated up in a vacuum oven at 40 �C for three
hours until the gels were fully formed. The required gelation
time is a function of the desired aerogel-density. The lower the
density the longer the gelation time.

For the density of 0.2 g ml�1, the gelation time was as low as
three hours for the fully formed gels to be obtained. The gels
This journal is © The Royal Society of Chemistry 2019
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were then de-molded and bathed in a pure dehydrated ethanol
for another four hours before the solvent exchange and super-
critical drying processes occurred. In this procedure, the long
aging step (7–20 days)8,13,44 have been eliminated as the ob-
tained structure has no particles in its structure. The fully
continuous network (nonparticulate) does not require for long
aging procedure to strengthen the neck area between the
particles as it has no particle in its structure.

Dispersion of GnPs in the polymer matrix (nonparticulate
polymeric network in our case) has always been extremely chal-
lenging in different types of processing such as melt processing.
Here, however, we use an in situ polymerization and solvent
processing method to disperse and keep dispersed the GnPs in
the matrix.45 During sol–gel transition, polycondensation poly-
merization of methoxy silane groups of P-VTMS in the presence
of GnPs in the mixing chamber, and the high sheer forces
induced by the polycondensation polymerization were helpful to
break the agglomerates. During the sol–gel polymerization there
is a very low chance of re-agglomeration in the composites
compared to the melt processing46 method. In this study, the
composite hybrid material presented a remarkable improvement
inmechanical properties. Especially in compressionmodulus the
nonparticulate material reinforced with GnPs have a signicant
improvement of a factor of 3. The wet-gel made in this process
was further dried via supercritical drying method as fully
described in next section (Fig. 1).
2.4. Aerogel preparation/supercritical drying

To counteract the inevitably induced capillary forces during the
solvent extraction to the pore walls, the samples rst experi-
enced the solvent exchange, and then the solvent extraction
through the supercritical drying process. This approach helped,
to some extent, to maintain the structural integrity of the solid
parts aer the drying process.

The solvent exchange was accomplished by replacing the
ethanol (solvent) with liquid CO2 in a high-pressure chamber for
the gel samples. They were placed in a sealed stainless-steel
chamber lled with pure dehydrated ethanol and were pressur-
ized at 1500 psi (10.3MPa), using a high-pressure syringe pump. At
this pressure, the liquid CO2, which was connected to the syringe
pump, was diffused into the gels and started to replace the initial
ethanol solvent. Then, the chambers were regularly depressurized
(80ml every 2 h) to extract the ethanol and to further introduce the
liquid CO2. Thus, the ethanol in the pores was gradually replaced
with the liquid CO2 until all of it had been replaced by the liquid
CO2 in the gels (7 days). The solvent exchange was done in a high-
pressure chamber to avoid any capillary forces on the pore walls
during the solvent extraction to maintain the structural integrity.
When no more ethanol was exiting the chamber outlet, the
supercritical drying process was started and removed the liquid
CO2 from the gel pores by increasing the temperature from an
ambient temperature to 40 �C. In this way, all possible capillary
forces were minimized to prevent any cracks from forming in the
structure during the process and to result in only negligible
shrinkage. Fig. 1 summarizes the complete procedure undertaken
to produce the nal aerogel.
This journal is © The Royal Society of Chemistry 2019
2.5. Characterization methods

The material's morphology and its physical, chemical,
mechanical, and thermal properties were analyzed. The bulk
densities (rb) of the resultant aerogels were calculated in terms
of their mass to volume ratios.

The percentage of linear shrinkage (Ls%) was determined
from the change in the height and diameter of both the alcogel
and the aerogel below equation, where L is the length of the
aerogel (either vertical or horizontal) and L0 is the length of the
alcogel (either vertical or horizontal).

Ls% ¼
�
1� L

L0

�
� 100

The samples' pore size and surface areas were characterized
by nitrogen adsorption–desorption isotherm analysis per-
formed at 77 K, using Autosorb iQ (Quantachrome Instru-
ments). The samples were outgassed for 15 h at room
temperature at a pressure of 10�3 Pa prior to the nitrogen
adsorption analysis. Applying this analytical method, the
adsorption and desorption isotherms of the N2 and the pore
size distribution, as well as the samples' surface areas, were
determined using the Barrett–Joyner–Halenda (BJH) theory.48

The aerogel's microstructure was studied using environ-
mental scanning electron microscopy (ESEM) (Quanta FEG-
250). The samples were coated with platinum before they were
placed in the ESEM at a low vacuum setting, with water vapor
acting as the working environment to decrease the charging
effect on them. The sol–gel transition point was continuously
monitored by an in situ methodology through small amplitude
oscillatory test. The instrument used here was the discovery-
HR3 rheometer (TA Instruments, USA), the titanium cone
plate geometry with a radius of 50 mm and a cone angle of
0.0403 radian was used. The chemical structure of the synthe-
sized material was studied using Fourier transient infrared
(FTIR) spectroscopy. The FTIR (Perkin Elmer Spectrum) was
conducted on the pure PE-based silica aerogel and on the GnP-
reinforced PE-based silica aerogel samples. This was done with
different GnP contents to measure the spectral transmittance
and to evaluate the chemical bonds. The spectral transmittance
was collected by averaging 8 scans in a spectral range of 4000–
550 cm�1 (wavelength from 2.5 to 18 mm), with a spectral
resolution of 4 cm�1. Before running the FTIR test, the airborne
H2O and CO2 background noise were registered. The surface
composition and the functional groups of the GnP and PE-b-Si/
GnP were evaluated using X-ray photoelectron spectroscopy
(XPS) measurements, which were taken in an ESCALAB 250
(Thermo Fisher Scientic, USA) X-ray photoelectron spectrom-
eter microprobe. The spectra were recorded using a mono-
chromatic Al-Ka X-ray source at 100 W. Curve tting of the XPS
peaks was conducted using a Gauss–Lorentzian peak shape,
aer performing a Shirley background correction.

The thermal properties and hydrophobicity characteristics of
the GnP-reinforced aerogels were also characterized. The aero-
gel's thermal conductivity was studied using a thermal
conductivity analyzer (HotDisk) (Transient Plane Source,
RSC Adv., 2019, 9, 11503–11520 | 11505



Fig. 1 The schematic represents the aerogel processing steps, which consist of the polymerization of the VTMS at 125 �C and, later, the sol–gel
polymerization of the P-VTMS both with/without GnP at 40 �C. Supercritical drying47 in a high-pressure chamber was the last step in this process.
The scale bar in the SEM image represents 2 mm.
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TPS2500S). A C5501 Kapton insulated sensor, with a diameter of
6.4 mm along the transient plane, was used as the source
method. The sensor was placed between two solid aerogel
samples with the same dimensions to measure their total
conductivity. The sensor measured both the heat generated and
the temperature's increase within the samples by measuring the
voltage's stepwise change over time. The aerogels' compression
modulus was determined by a uniaxial compression test, using
an Instron Microtester (5848) with a 500 N load cell. A 25 mm �
6 mm cylindrical sample with a compression rate of 1.2
mm min�1 was used, according to the ISO 604-2002. The ther-
mogravimetric analysis (TGA) was performed on a Shimadzu
TG50 analyzer to quantitatively characterize the samples'
thermal stability with GnP present.

The hydrophobic behaviour of the samples' surface (wetta-
bility) was studied using water contact angel (WCA) measure-
ments for both pure and GnP-reinforced samples. Prior to the
measurements, deionized water was degassed to avoid nano-
bubble formation at the solid surface.49 A droplet of distilled
water was deposited on a smooth surface of both pure and GnP-
11506 | RSC Adv., 2019, 9, 11503–11520
reinforced samples and the water wetting behavior was
observed. The observed results are shown in the ESI.†

3. Results and discussion

The main contribution of this study is to show the effects of GnP
inclusion in the underlying aerogel backbone on (i) the gelation
duration and the corresponding sol–gel rheology; (ii) the ultimate
chemistry of the resulting material; and (iii) the structural
integrity and the mechanical properties of the aerogel during
gelation and drying. In this regard, the results were categorized
into three main paths: (i) sol–gel rheology characterization; (ii)
chemical characterization; which included FTIR, XPS, and TGA;
and (iii) physical characterization; which included pore size, pore
distribution, surface area, gelation duration, linear shrinkage
percentages, skeletal porosity, and mechanical strength.

3.1. Sol–gel rheology

The gel is a viscoelastic material composed of interpenetrating
liquid and solid phases. We observe that the addition of a small
This journal is © The Royal Society of Chemistry 2019
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amount of GnP drastically improves the homogeneity and
uniformity of gel lms formed in the mold. The sol–gel point in
hydrogels is when there is a crossover between G0 and G00. The
gel point is the time at which a three-dimensional network of
GnP is created within the matrix.50

Rheological measurements reveal that GnP addition
promotes the sol–gel transition at a xed temperature (here at
40 �C) thereby increasing the viscosity at the sol–gel transition
as shown in Fig. 2. The GnP reduces the gel point time up to
25%. We believe that these observations can be explained by the
classical theory of gelation51 which predicts that the sol–gel
transition is promoted by increasing the amount of cross link-
ing. The resulting increase in viscosity reduces the amount of
shear experienced by the gelling system. The formation of such
a network is a typical characteristic of polymeric composites of
well-dispersed GnP reinforcements.
3.2. Chemical characterization

FTIR spectroscopy discussion. To determine the chemical
composition of the obtained aerogel materials, combined with
the XPS data, FTIR spectroscopy was used. The FTIR spectra of
the prepared PE-b-Si aerogel and the GnP-modied PE-b-Si
aerogel samples are displayed in Fig. 3 and 4, respectively.
The FTIR spectrum of the GnP-free PE-b-Si aerogel sample had
the main characteristic bands for silica gel, including the Si–O–
Si asymmetric stretching vibration at around 1000–1250 cm�1

and a broad absorption band. These were due to the hydroxyl
groups (OH) on the silica's surface in the range of 3740–
3250 cm�1 wavelength.22,52 The vibrational band at approxi-
mately 920 cm�1 was attributed to the presence of the silanol
groups (Si–OH) on the surface of the PE-b-Si materials. The
absorption band at 1440, 2850 and around 2950 cm�1, indi-
cated the bending of the methylene groups, the CH3 groups,
and the C–H stretching vibration band, respectively. This orig-
inated in the PE backbone, which was covalently bonded to the
silica matrix through the Si–C bonds.53–55 The band at around
1610 cm�1 could be attributed to the deformation vibrations of
the adsorbed water molecules aer their exposure to air.55,56
Fig. 2 The rheological behaviour of PE-b-Si solution with and without G
0.1% for all samples.

This journal is © The Royal Society of Chemistry 2019
On the other hand, the GnP-embedded PE-b-Si aerogel
samples exhibited similar FTIR spectra (Fig. 4), which indicated
the successful maintenance of the silica's structural integrity.
Due to the low GnP content (0.5–2.0 wt%), no increase in the
C–H stretch vibrations was observed, which usually arises from
the methylene group of the GnP aromatic ring (e.g. C–H band of
sp2-hybridized carbon). However, there was a constant decline
in the intensity of the characteristic peaks for the oxygen-based
components with an increased GnP content; namely, the Si–OH
and Si–O–Si bands (Fig. 4A), as well as in the hydroxyl groups
(OH) at around 3400 cm�1 (Fig. 4B). This behavior indicated
a strong interaction of the GnP with the oxygenated segments in
the PE-b-Si matrix, including the bridging (Si–O–Si) and the
terminal (Si–O–H) components. We surmised that the GnP
bonded to these oxygen centers via the terminal hydroxyl groups
(that is, the silanol groups) and through a scission in the
oxygen-based covalent bonds in the silica matrix. Such an
interaction contributed to maintaining the aerogels' structural
integrity. Thus, we were given clear evidence of a successful
intercalation and of an abundant dispersion of the GnP species
within both the aerogel walls and the bulk and porous network.
It did so by enhancing the intra- and inter-crosslinking effect
between the PE-b-Si polymeric chains.

The X-ray photoelectron spectra technique discussion.
Further investigation of the chemical composition of the
prepared PE-b-Si and PE-b-Si/GnP aerogels samples was done
using the X-ray photoelectron spectra (XPS) technique. As shown
in Fig. 5, the GnP-free and the GnP-modied samples' survey
spectra had distinguished peaks centered at about 103, 156, 284
and 532 eV, corresponding to the Si 2s, Si 2p, C 1s and O 1s,
respectively. The XPS spectrum of the prepared aerogel samples
contained no further elements, other than Si, C, and O; thus,
indicating the absence of impurities. In this study, we prepared
PE-b-Si aerogel materials with various GnP contents (0.5, 1 and
2%) in the PE-b-Si matrix. Eventually, the variation of the nal
aerogel content led to different functional group concentrations
at the interface between the GnP and the PE-b-Si. Based on the
XPS data, we studied the oxygen content for both the GnP-free
and the GnP-loaded samples with a different content.
nP in terms of G0 and G00 changes over time at 40 �C and strain rate of

RSC Adv., 2019, 9, 11503–11520 | 11507



Fig. 3 FTIR spectra of the prepared pure PE-b-Si aerogel sample (PE-b-Si/0% GnP).
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These results are summarized in Table 1, which shows the
relative carbon and oxygen content (C : O ratios) obtained via
the XPS measurements. First, the quantitative analysis of the
XPS spectra shows a slight decline in C : O ratio, which
Fig. 4 FTIR spectra of the prepared PE-b-Si/GnP aerogel samples (PE-b

11508 | RSC Adv., 2019, 9, 11503–11520
corresponded to an extremely small amount of added oxygen
coming from the GnP. However, with a further GnP addition,
there was a slight increase in the C : O ratio, which corresponds
to the higher carbon content that was due to the GnP aromatic
-Si/0.5% GnP, PE-b-Si/1.0% GnP, PE-b-Si/2.0% GnP).

This journal is © The Royal Society of Chemistry 2019



Fig. 5 Survey of XPS spectra in the prepared PE-b-Si and the PE-b-Si/GnP aerogel samples.
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carbon rings. These results further demonstrated that there was
an extremely low number of oxygen-containing functional
groups in the pristine GnP.

These ndings are in great agreement with the XPS data
obtained for the pristine GnP samples, which indicated that the
pure GnP had an extremely low oxygen content (<3%, Fig. S1†).
In addition, a very low content of GnP was incorporated into the
PE-b-Si aerogel (0.5–2.0%). This meant that, interestingly, the
contribution of the GnP-sourced oxygen components to the
nal structural integrity and the bonding of the GnP to the
polymer backbone were highly crucial, even at extremely low
concentrations. The C 1s0 core-level XPS of the prepared PE-b-Si
aerogel, clearly showed that two main components corre-
sponded with the carbon atoms in the different functional
groups (Fig. 6). The rst peak was attributed to the Si–C func-
tionality bonds centred at 284.7 eV.57 These could have included
a small amount of sp2-hybridized weak carbon bonds in the
condensed and non-polymerized edges of the silica backbone
(that is, the vinyl groups) and the non-hydrolyzed VTMS
substrates. The second peak was attributed to the sp3-hybrid-
ized carbon bonds C (C–C, C–H) at 286.6 eV on the PE backbone,
which showed that the polymerized VTMS chain was covalently
Table 1 Carbon to oxygen ratio (C : O) in the PE-b-Si and PE-b-Si/
GnP aerogel samples

Atomic% (samples)

Element 0% G 0.5% G 1% G 2% G

Si 2p (PE-b-Si/GnP) 16.24 16.00 15.26 15.23
C 1s (PE-b-Si/GnP) 50.86 50.58 51.92 52.09
O 1s (PE-b-Si/GnP) 32.91 33.42 32.83 32.69
C : O ratio 1.54 1.51 1.58 1.59

This journal is © The Royal Society of Chemistry 2019
bonded to the Si centers.58 The second peak could also include
some C–O contamination formed at the surface of the
samples.59 Aer the GnP was added, a constant increase in the
rst peak's intensity with an increased GnP content was
observed, with a slight shi to a higher binding energy (284.8
eV). This was attributed to the Si–C bonds that overlapped the C
components of the GnP's ring C; namely, the sp2-hybridized
C–C in the aromatic ring carbon.60 There was an increase in the
number and in the contribution of the GnP-derived sp3 C
bonds.61,62 As a reference sample, the data was consistent with
the C 1s0 spectrum of the pristine GnP (see ESI† in Fig. S1†). It
had a major peak that was ascribed to the GnP sp2-hybridized
carbon atoms. Similarly, shiing was also observed in the
second C peak (286.8 eV) for the GnP-modied samples. This
was due to the change in the electronic environment induced by
the GnP defected C–C and the oxidized carbon species.63 We
believe that the GnP induced a strong electronic effect via, but
not limited to, the strong electrostatic interactions between the
oxygen lone pairs on the PE-b-Si's backbone, with the electrons
in aromatic rings on the GnP sheets' surfaces. This was
consistent with the successful integration of the GnP sheets into
the PE-b-Si matrix, and led to a stable and well-dispersed GnP–
polymer composite.64

The silicon Si 2p core level spectrum of the GnP-free
samples, shown in Fig. 7, can be resolved into two compo-
nents, located at 102.5 and 103.1 eV, and can be ascribed to the
Si–O(H) and the Si–Ox, respectively.65,66 The rst peak was
attributed to the silicon bond with hydroxyl-based oxygen atoms
(that is, the silanol groups: Si–O–H).67–69 Meanwhile, the second,
weaker peak was attributed to the Si–O for the silicon bonded to
multiple oxygen atoms in the bridging Si–O–Si species.68,70,71

Fig. 7 shows that a decrease occurred in both peaks when the
GnP content was increased in the samples. This phenomenon
RSC Adv., 2019, 9, 11503–11520 | 11509



Fig. 6 C 1s core-level spectra decomposed by the Lorentzian–Gaussian fitting for the prepared GnP-embedded samples: (A) PE-b-Si/0% GnP;
(B) PE-b-Si/0.5% GnP; (C) PE-b-Si/1% GnP; and (D) PE-b-Si/2% GnP.
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indicated that the GnP bonding occurred in both the terminal
silanol and in the bridging oxygen species, thus lowering the
amount of Si–O–H and Si–O–Si components, respectively.
Despite the low amount of oxygen that the pristine GnP added,
we believe that such oxygenated components tend to form very
strong hydrogen bonds with the PE-b-Si matrix. This would have
occurred throughout possible Si–O–H/O (GnP) and Si–O/H–

O (GnP) species,72 in which, a slight shi towards a higher
binding energy was also observed. This was due to the electronic
environmental change that was caused by the intercalation and
dispersion of the GnP components inside the PE-b-Si matrix.
However, this did not exclude the presence of a small amount of
Si–Si interactions within the aerogel bulk material. The Si–Si
bonding signals could be tted at �103.1 eV, thus corre-
sponding to the sp3 bonding signals.73

The oxygen O 1s core level spectrum of the GnP-free samples
had two main peaks at 531.7 and 532.6 eV. In agreement with
the Si 2p core level spectrum, the rst peak was attributed to the
O–Si in the bridging of the Si–O–Si segments,68,74,75 while the
second peak was attributed to the terminal hydroxyl groups in
the aerogel bulk (Si–O–H).66,75,76

The O 1s core level spectra of the GnP-modied PE-b-Si
provided more insights into the mechanism of the GnP inter-
action with the PE-b-Si matrix (Fig. 8). Interestingly, we initially
observed that adding GnP (0.5 wt%) led to a decrease in the
intensity of both peaks. This conrmed the above-noted
conclusion regarding the GnP interaction with both the sila-
nol and the bridging oxygen components. However, by
11510 | RSC Adv., 2019, 9, 11503–11520
increasing the GnP content (1 wt%), there was an increase in the
second peak with a simultaneous increase in the rst peak. This
was attributed to the preferable interaction of the GnP with the
bridging oxygen segments (Si–O–Si). A further GnP (2 wt%)
addition revealed a signicant decrease in the rst peak, which
indicated a higher GnP bonding degree with the terminal
hydroxyl groups (silanol functions). In conclusion, GnP can be
bonded with different oxygenated species on the PE-b-Si
network that have different bonding kinetics. On the other
hand, both peaks shied to a higher binding energy aer the
GnP addition, which could also be attributed to the hydrogen
bonding of the PE-b-Si matrix with traces of the oxygenated
species on the GnP's surfaces. These results further conrm
those obtained from the FTIR data, and they show a strong GnP
interaction with the oxygenated segments in the PE-b-Si matrix,
including the bridging (Si–O–Si) and the terminal (Si–O–H)
components.

According to previous studies, the interaction of the GnP
with oxygen could lead to the formation of a highly stable
species (e.g. epoxy),77,78 or to physiosorbed O2 molecules.79

However, there is no evidence herein of any formation of such
a covalently-bonded species. On the other hand, a charged
oxygen species and oxygen radicals (atomic oxygen) with small
polarizabilities interacted efficiently on the GnP surface.80

Additionally, if we consider the presence of the VTMS mono-
mers or the non-hydrolyzed polymer edges that contain vinyl
groups (–C]C), these segments can contribute to the GnP
binding trough an p–p stacking interaction and the CH–p
This journal is © The Royal Society of Chemistry 2019



Fig. 7 The Si 2p core-level spectra decomposed by the Lorentzian–Gaussian fitting for the prepared PE-b-Si/GnP aerogel samples: (A) PE-b-Si/
0% GnP; (B) PE-b-Si/0.5% GnP; (C) PE-b-Si/1% GnP; and (D) PE-b-Si/2% GnP.

Fig. 8 The O 1s core-level spectra decomposed by the Lorentzian–Gaussian fitting for the prepared GnP-embedded samples: (A) PE-b-Si/0%
GnP; (B) PE-b-Si/0.5% GnP; (C) PE-b-Si/1% GnP; and (D) PE-b-Si/2% GnP.
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interactions that occur between the electron-rich and electron-
poor regions with the aromatic carbon ring on the GnP's
surface.72 It is noteworthy that the GnP network can present
electrostatic repulsions, which prevent its aggregation and
improve its dispersion into the PE-b-Si matrix.72

In summary, oxygen interactions with GnP in the prepared
aerogel occurred mainly through strong electrostatic coordina-
tion, hydrogen bonding, and the London-dispersion forces or
van der Waals interactions. These continued to be the key factor
contributing to GnP's intramolecular self-assembly and
successful noncovalent incorporation into the polymer matrix.
Consequently, the interfacial contact between the PE-b-Si and
GnP72 was improved.
3.3. Physical, thermal, and mechanical properties

Four samples of cross-linked hybrid aerogels with and without GnP
prior to the sol–gel reaction were analyzed. This experiment was
designed to study how the GnP integration improved the
mechanical properties through a structural reinforcement and if it
reduced the linear shrinkage. As reported in Fig. 9, the effect of the
GnP content on the PE-b-Si aerogels' linear shrinkage, both with
and without the GnP aer the drying process, was signicantly
noticeable. We observed that the use of GnPs resulted in a reduc-
tion in the volumetric shrinkage. The reduction in the shrinkage
percentage in the thickness direction (perpendicular to the mold
base) was more noticeable compared to that in the radial direction
(parallel to the mold base), indicating that the samples with GnP
experienced anisotropic shrinkage, while pure samples without
GnP experienced shrinkage from all directions. Thus, GnPs mostly
strengthened the gel backbone in the thickness direction.
Furthermore, the additional shear forces created by the direction of
Fig. 9 The shrinkage percentages of the pure PE-based silica aerogel a
both diameter and height directions. A schematic of GnP-embedded ae

11512 | RSC Adv., 2019, 9, 11503–11520
gas escape inside the mold, during the sol–gel process, likely
induced a specic GnP orientation in the thickness direction
(perpendicular to the mold-base). Because of the preferred orien-
tation of the GnPs in the solution, the gels were strengthened in the
direction of the GnP orientation resulting in anisotropic shrinkage.

This showed that the GnPs were able to physically interact
with the aerogel backbone and had become part of the solid
underlying structure, which successfully eliminated shrinkage
during the solvent exchange and drying step. The observed
extensive shrinkage in the pure PE-b-Si aerogel was strongly
attributed to the reactivity of the unreacted hydroxyl groups
(–OH) together in the skeletons during the drying step, which
induced vicinity between hydroxyl groups and later induced
chemical reactions between them resulting in irreversible
shrinkage. However, the nal shrinkage in the samples with the
GnP-embedded PE-b-Si aerogels was not as noticeable. This is
due to the induced interactions between the unreacted hydroxyl
groups with the GnPs. The observed irreversible shrinkage in the
pure PE-b-Si aerogel was caused by the condensation of the
neighboring –OH groups on the skeletons during the temporal
contraction during the drying process. This had been highly
apparent due to the small pore size. This observation is in
agreement with the observation in Zu et al.9 work as well.

Some studies have shown a decreased linear shrinkage of up
to 21%; however, this was done by means of a long aging time at
a very high temperature (100 �C), with a dramatic increase in the
density, which resulted in an xerogel structure rather than an
aerogel.9 It was also observed that the linear shrinkage via the
samples' diameter did not considerably change aer the GnP
was added, which may have suggested the GnP's orientation.
However, the linear shrinkage through in the height direction
(perpendicular to the mold base) was dramatically suppressed
nd the GnP-reinforced aerogels obtained with the VTMS precursor in
rogel is inserted in the graph.
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from 15% to only 5%, when only 2 wt% GnP was added. This
suggested that the GnP were most probably vertically oriented,
perpendicular to the mold base around the skeleton. This could
have prevented the shrinkage forces during the drying process
through a height direction.

Due to the special reticulated structure on both molecular
and nanoscales, PE-b-Si aerogels have excellent mechanical
properties7 when compared with their material family.9 As
shown in Fig. 10, the compression modulus of the neat PE-b-Si
aerogel was about 7.1 MPa at a density of 0.235 g cm�3, which is
comparable to the values reported by Zu et al.81 for neat PE-b-Si
aerogel (same material family). The main reason for the good
mechanical properties of the neat PE-b-Si aerogels is the exis-
tence of a exible aliphatic hydrocarbon (PE portion) network in
the skeleton cross-linked with a stiff and strong siloxane link (Si
portion), which leads to the good load resistance during
deformation. This was comparable to that of traditional silica82

and polymethylsilsesquioxane (PMSQ) aerogels.9

However, once the GnP was embedded in the solid skeleton,
there was a signicant increase in the compression modulus. It
increased from 7.1 MPa with no GnP, to 68.7 MPa in the steady
state zone with only 2 wt% GnP added, even when the PE-b-Si/
2.0 wt% GnP aerogel had a lower density of 0.186 g cm�3, than
the PE-b-Si/1.0 w%GnP aerogel at the density of 0.195 g cm�3. It
seems that the presence of GnPs in the matrix results in the
stress–strain curve having two distinct zones. The rst was
a gradually increasing low-modulus zone and the second was
Fig. 10 Stress versus strain curves for all samples. The inserted graph repr
different percentages of GnP (0.5–2 wt%). The values of the compression
stress–strain cure in the high modulus zone after GnP percolation thres

This journal is © The Royal Society of Chemistry 2019
a steady-state high-modulus zone, as shown in Fig. 10. This
observation suggests that the deformation in the second zone
was completely governed by the percolation threshold of the
GnP network. However, the neat samples did not exhibit any
transition from a rst to a second zone.

Although the samples with a larger void fraction were ex-
pected to be deformed more than the samples with a lower void
fraction, the samples with a higher GnP content (with a larger
void fraction) exhibited a much smaller critical strain at which
the transition occurred. For example, the sample with 2.0 wt%
GnP reached the percolation threshold at a smaller strain
compared to the samples with 1.0 wt% and 0.5% GnPs, despite
the larger void fraction. It can also be observed that the samples
with the same 1.0 wt% GnP content at different densities had
almost the same steady-state compression moduli in the second
zone, although the samples with a lower density had a larger
critical strain. Obviously, a lower density at the same GnP
content wouldmean a less compact aerogel structure, rendering
the percolation threshold to be at a larger critical strain.
However, the signicantly reduced critical strain with increased
GnP content from 1.0 wt% to 2.0 wt%, even at a larger void
fraction, suggests that the critical strain was more sensitive to
the GnP content than the density of the sample.

The excellent mechanical properties of the PE-b-Si/GnP aero-
gels can be ascribed to two possible factors. First, there was only
a negligible number of unreacted –OH groups in the GnP-
embedded aerogel skeletons due to their interactions with GnP
esents the slope of the stress–strain curve in the highmodulus zone for
modulus (E) for GnP added samples were obtained as the slope of the
hold.
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(Fig. 4B), which reduced the irreversible shrinkage. Second, it is
possible that the embedded GnP content was well exfoliated in
the solid backbone during the fabrication step (sol–gel transi-
tion). The exfoliation of GnP might have been induced by the
energy released during the hydrolysis/condensation and the
increase in the pH level. The sol–gel reaction of silica-based
materials with ammonium hydroxide was exothermic, accom-
panied by an increase in the solution pH.83 The exfoliation rate of
GnPs must have been highly dependent on the pH change, that
is, a higher pH (pH of 8–9) would induce a faster exfoliation
rate.84 The well-exfoliated dispersed GnPs would act as a scaffold
holding the PE-b-Si matrix. During the compression test, the GnP
particles were forced to connect with each other and to establish
a strong network at the critical strain. If the GnP particles are well
exfoliated, the critical strain can be very small, regardless of the
density. This conrms that a strong aerogel material at a very low
density could be achieved at only 2 wt% GnP addition.

In our study, we synthesized the pure PE-b-Si aerogels11 and
the GnP-embedded PE-b-Si aerogels by varying the GnP content
from 0.5 to 2.0 wt%. The samples' mesoporous morphology,
which was controlled by our network's self-assembly, were
characterized into an in situ-ordered GnP-embedded
morphology. The pore sizes, pore shapes, and pore classica-
tions were analyzed based on the nitrogen adsorption/
desorption isotherms characterizations. They were further
analyzed based on the comparison of the obtained graph
shapes with the reference graphs on the IUPAC technical report
on the gases' physisorption.85 Both samples with and without
GnP showed the type V isotherm shape (Fig. S2†). This type V
Fig. 11 Nitrogen adsorption/desorption analysis for the PE-b-Si samples w
with the IUPAC classification of hysteresis loops.85

11514 | RSC Adv., 2019, 9, 11503–11520
isotherm was attributed to a relatively weak adsorbent–adsor-
bate interaction, whichmeant that the molecular clustering was
followed by pore lling at higher p/p0 (the p represents equi-
librium relative pressure; the p0 is the saturation pressure
against the p). As Fig. 11 shows, the hysteresis loop for the pure
PE-b-Si aerogel represented a type H2 shape. This type occurs
when the sample (adsorbent) has mesopores with a small width
and a cylindrical pore shape in a narrow range of pore necks. In
this kind if pore structures the network effects are important.
However, the hysteresis loop for the GnP-embedded PE-b-Si
represented a type H1 physisorption isotherm shape, which is
attributed to materials exhibiting a narrow range of uniform
mesopores.85 All of the GnP-added aerogel isotherms were
classied as type H1, with hysteresis in the desorption loops.
The hysteresis loops occur when the pore cavities are larger in
diameter than their openings; that is, the pores have an ink-
bottle shape.85 The samples with a different GnP content
showed the same hysteresis loops shape, which conrmed that
the pore shape was independent of the GnP percentage at 0.5–
2%, and that their pore width was in the mesoporous region.86

This analysis also suggested that the pores had been created
through pore-blocking/percolation. This explained the GnP
orientation/percolation around the pores during the gelation
phase that resulted from the forces created by the escape of gas
during the sol–gel reaction.

The samples' porous morphologies, in terms of pore width
and surface area, were measured using nitrogen adsorption/
desorption analysis. Fig. 12 shows the Barrett–Joyner–Halenda
(BJH) method used to measure the pore width and the pore size
ith various GnP content of 0–2wt%, isotherms of N2 at 77 K compared

This journal is © The Royal Society of Chemistry 2019
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distributions of all the samples. The average pore size changed
dramatically from 10 nm for pure PE-b-Si aerogel to 33 nm for
PE-b-Si/2.0% GnP. This showed that the pore size had been
dened by the GnP's presence and orientation. This increase in
the pore size aer an addition of 2.0 wt% GnP showed how the
pore structure had resisted the shrinkage forces and main-
tained its structural integrity during the drying process.

Also, as is summarized in Table 2, the samples' total surface
areas were calculated using the Brunauer–Emmett–Teller (BET)
analysis of nitrogen adsorption. When the GnP percentages
increased, the BET surface areas also increased. This was
because the pore shapes and sizes controlled the surface areas,
which were controlled by the GnP content and its arrangements.
Therefore, at a high GnP percentage, the number of pores was
less, while their sizes were larger compared with the pure PE-b-
Si aerogel. Furthermore, when the dilution ratio increased, it
diminished the total surface area of the pure PE-b-Si aerogel.
This was because the number of pores had increased in the
same volume.
3.4. Thermal insulation and stability

The onset temperature of the non-reinforced aerogels was not
dramatically changed by incorporating GnP into the underlying
structure of the PE-b-Si aerogel. This outcome suggested that
the thermal stability of the silica composites was not greatly
affected by the addition, or by subsequent GnP content
increases. The TGA plot of the GnP-embedded PE-b-Si aerogels
conrmed that their thermal stability had scaled both with and
without the GnP addition (Fig. 13). The TGA curves showed that,
Fig. 12 BJH pore size distributions for the PE-b-Si samples with
various GnP content of 0–2 wt%.

Table 2 Summary of the bulk density, the compression modulus, and BE
and the surface areas of the aerogel samples

Aerogel samples SBET
a (m2 g�1) VBJH

b (cc g

PE-b-Si/0% GnP 570 2.48
PE-b-Si/0.5% GnP 601 2.12
PE-b-Si/1.0% GnP 690 2.14
PE-b-Si/2.0% GnP 694 2.16

a BET specic surface area. b BJH pore volume. c BJH pore diameter.

This journal is © The Royal Society of Chemistry 2019
regardless of the GnP content, the weight loss was similar in all
of the samples. The GnP-embedded samples experienced a 5%
weight loss at 100 �C, which was due to the water evaporation;
a 10% weight loss occurred between 300 �C and 500 �C, which
could have been caused by the desorption of the adsorbed
water; and a 20% weight loss occurred between 500 �C and
600 �C, which indicated a decomposition in the vinyl groups of
the P-VTMS. These aerogels had a great thermal stability range,
with only a small weight loss before the temperature reached
500 �C. Since all the samples had been tested in the same
condition, the results could be compared in terms of moisture
absorbency. It was clear that the samples without GnP were
much more moisture sensitive and had absorbed about 25% of
the environmental moisture compared with the GnP-embedded
samples. The TGA results also indicated that the aerogels con-
sisted of �70% silica and �30% polymerized VTMS plus the
GnP (0–2 wt%).

To study the effect of the pore size and surface area on the
thermal conductivity, we measured the pore size and surface
area using the Density-Functional-Theory (DFT) model as this
method is more accurate than BET measurements in type V
hysteresis isotherm (Fig. S2†).85 The BETmulti-pore surface area
measurement relies upon a pressure range of 0.1 < p/p0 < 0.3.
The surface area calculations using the BET model is reported
here as a tool to compare the results with other studies.
However, for precise discussion, it is necessary to look at the
DFT measurements. And, since the samples show a type V
isotherm (Fig. S2†), the growth of the monolayer of N2 molecule
might not be completed at p/p0 lower than 0.3. Since the precise
BET measurement can be done only when 0.1 < p/p0 < 0.3, the
BET data would not be reliable. Therefore, the DFT values are
also reported in Table 3.

As for the thermal conductivity discussion; the thermal
conductivity test of the GnP-embedded PE-b-Si and pure PE-b-Si
aerogels conrmed that their thermal conductivity had scaled
when the GnP is added which might have been due to the
increase in solid conductivity (Table 3). The pore sizes of all the
samples were below the mean free path of air resulting in
similar gas conductivity in all of the samples. The thermal
conductivity results showed that, regardless of the GnP content,
the thermal insulation was reduced in all of the samples with
GnP. At the theoretical density of 0.2 g cm�3 both samples with
0.5 wt% and 1 wt% GnP have been tested for thermal conduc-
tivity characteristics. It was observed that thermal conductivity
of samples with 1% GnP was slightly higher than the sample
containing 0.5% GnP at 0.2 g cm�3 density. This behaviour was
T nitrogen adsorption analysis for the pore volume, the pore diameter,

�1) dBJH
c (nm) Bulk density (rb) (g cm�3)

3.45 0.235
3.72 0.224
3.51 0.196
3.31 0.185
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Fig. 13 TGA curves obtained with the PE-b-Si/GnP aerogels for the pure PE-b-Si aerogel and the GnP-loaded aerogels: PE-b-Si/0.5% GnP, PE-
b-Si/1% GnP, and PE-b-Si/2% GnP.

Table 3 Properties of PE-b-Si and PE-b-Si/GnP aerogel samples

Aerogel
samples

Total thermal
conductivity
(mW mK�1)

Water
contact angle
(degree)

adDFT, Dv

(d) (nm)

bSDFT
(m2 g�1)

PE-b-Si/0% GnP 21 � 0.5 57 � 3 25 � 0.7 540
PE-b-Si/0.5% GnP 29 � 0.7 69 � 2 26 � 0.4 550
PE-b-Si/1.0% GnP 31 � 0.6 120 � 2 40 � 0.4 659
PE-b-Si/2.0% GnP 37 � 0.8 123 � 3 40 � 0.3 664

a DFT pore diameter. b DFT specic surface area.
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also repeated comparing samples with 1% GnP and 2% GnP at
the same range of density. Since the pore sizes are below the
mean free path of air (68 nm), it is believed that the slight
increase in the thermal conductivity of the samples with GnP is
due to an increase in the solid thermal conductivity.
4. Conclusion

We prepared a PE-b-Si aerogel both with and without GnP as
a pore dener and shrinkage inhibitor by using a straightfor-
ward sol–gel polymerization method. Mesoporosity studies
showed that GnP could be integrated in a PE-b-Si matrix. This
was due to the physical compatibility between them, which
effectively and dramatically strengthened the aerogel skeleton.
The GnP content noticeably reduced the induced linear
shrinkage during drying step (from 15% to 5%) and increased
the pore surface area (from 570 m2 g�1 to 694 m2 g�1). The
outcome of this study is the creation of a new material with
11516 | RSC Adv., 2019, 9, 11503–11520
special characteristics that give it several functionalities. As its
pore sizes (32 nm) are still below the mean free path of air (68
nm), it is valuable for use in thermal insulation applications
eliminating the gas thermal conductivity through the pores.

This study produced a unique nonparticulate morphology
with very small pore sizes and a large surface area using an in situ
structural engineering methodology for the selective inclusion of
reticulate PVTMS-based silica aerogel (produced with spinodal
decomposition43) with only 2 wt% GnP. Thus, we are able to
create effective stress-transfer pathways within the three-
dimensional (3-D) GnP-reinforced PVTMS-based silica aerogels
(PE-b-Si/GnP). The 3-D bonded PE-b-Si/GnP was synergistically
strengthened, and it had complete structural deformations and
a great compressive mechanical strength (68.7 MPa at
a compressive strain of 90%) in contrast to our pure PE-based
silica aerogel (�7.2 MPa at one compression cycle in the same-
density range43). It also had the greatest minimal structural
shrinkage reported to date for this aerogel family.

Given its excellent combinations of mechanical and thermal
insulation properties, it is expected that the PE-b-Si/GnP will be
used in a broad range of applications. Its ordered architecture
opens the door to its use in the fabrication of new 3-D multi-
functional and mechanically durable nanoporous cellular aer-
ogels for emerging applications such as thermal
superinsulation, efficient oil and water separation, strain
sensing, supercapacitors, and durable nano-devices.
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