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Silica aerogel structures were intercalatedwith graphene oxide (GO) via the addition of GO to the colloidal silica
sol and subsequent sol–gel polymerization. The potential of GO to act as a nanofiller, for ambient pressure dried,
hydrophobic silica aerogels, was systematically investigated. The influences of 0 to 2 wt% GO loadings, on the
physical properties of silica aerogels, were analysed by examining the bulk density, volume shrinkage (%), pore
volume and surface area of the composite aerogels. Additionally, the chemical composition of the composite
gels was determined using FTIR, Raman, XRD and XPS. The study revealed that a GO addition of as little as
0.5 wt% is capable of supporting the porous framework of silica aerogels and also enhancing the properties of
the gels simultaneously. The additions of 0.5 wt% GO increased the surface area and pore volume of the aerogel
from 390 to 700 m2/g and 0.59 to 0.99 cm3, respectively, and decreased aerogel density from 0.19 to 0.14 g/cm3.
The investigation therefore revealed that intercalation of the silica aerogelmatrix with small quantities of GO can
inhibit volume shrinkage during drying without hindering the physical properties of silica aerogels.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The remarkable features of silica aerogels including ultralow density
(~0.003 g/cm3), high specific surface area (500 m2/g to 1200 m2/g),
high porosity (80–99.8%), high thermal insulation values
(0.005 W/mK) and versatility have resulted in their application in a
number of industrial fields including aerospace, ultrasonic sensing, gas
sensing, waste removal, optics, energy storage, catalysis and insulation
[1–3].

Traditionally silica aerogels were prepared via supercritical drying
[4–6]. This route uses supercritical fluids, elevated temperature and
pressure to remove the liquid component of a gel, in the absence of cap-
illary stress and surface tension. Though once a favoured method, this
technique is expensive, time consuming and often hazardous, rendering
the process impractical for industrial use. In order to exploit aerogels
commercially, cost effective drying routes are required. Consequently,
many upsurges in aerogel research have focused on the determination
of alternative preparation routes [7–23].
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In recent times, ambient pressure drying (APD) of sodium silicate
gels has been identified as a feasible approach for the production of sil-
ica aerogels [24,25]. Thismethod, however, often yields fragile gels [26].
Solvent extraction under atmospheric pressure evokes lateral compres-
sive stress amongst the gel network in order to redress the loss of pore
liquid duringdrying [27]. Polar Si–OH functionalities, located on the sur-
face of the gels, interact with adjacent chains and give rise to relentless
condensation reactions, which continue after complete formation of the
silica network [27,28]. The interaction between the subsequent surface
silanol groups has an elastic effect on the inner surfaces of the porous
walls comprising the gel network [29]. The adjoining walls of the
pores are drawn towards one another and eventually cause the porous
network to collapse [29]. This results in irreversible shrinkage of the
aerogel network [28,29]. The consequential innate brittleness of the sil-
ica network often limits extensive application of these materials. Ac-
cordingly, the mechanical properties of the interconnected silica
network must be improved for commercial applications.

Severalmeasures to enhance themechanical properties and circum-
vent shrinkage of the aerogel network have been explored [30]. Surface
modification or silylation, is one technique which has proved effective
in preparing mechanically amended silica aerogels [14]. The process
uses organosilanes such as hexamethyldisiloxane (HMDSO),
hexamethyldisilazane (HMDZ), methyltriethoxy-silane (MTES) and
trimethylchlorosilane (TMCS), converting Si–OH functionalities into
rface area silica aerogels, J. Non-Cryst. Solids (2017), http://dx.doi.org/
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alkyl or aryl radicals, creating hydrophobic aerogels and preventing fur-
ther interaction of adjacent Si–OH functionalities [31–35].

Alternatively several studies have integrated the gel network with
composite materials, such as crosslinking polymers, nanoparticles
and/or ceramic fibres [36–46]. Conversely, it is often difficult to improve
the mechanical properties of silica gels with the use of nanofillers or
cross-linking reagentswithout altering or hampering additional proper-
ties such as the bulk density and surface area [36,47]. However, with ef-
fective control of each stage of aerogel synthesis and composite
integration, the incorporation of additional materials between the
weaker neck regions of the silica nanoparticles enhances the strength
of the gel network and can also yield aerogels with improved or addi-
tional properties [30].

Graphene oxide (GO) [48], has recently been regarded as an attrac-
tive nanofiller for 3D architectures due to its unique two-dimensional
structure [49], and other attractive properties (fracture stress B =
63 GPa). However, little information regarding the effect of GO on the
silica matrix is provided within current literature. Previous studies
have demonstrated the successful incorporation of reduced graphene
oxide (rGO) within the matrices of silica aerogels, however, to date,
no systematic studies have explored the reinforcement of silica aerogels
with GO [50]. Composite formation of GO intercalated silica aerogels
concedes the possibility of preparing high surface area, porousmaterials
with improved properties. Alternatively, incorporating GO amongst the
silica network may increase the mechanical properties of the aerogel
but may also hinder the material's properties.

The current study therefore aims to introduce GO into the matrix of
silica aerogels to determine the potential of the carbonaceous material
as a nanofiller for silica aerogels. The effect of GO loading on the density,
pore volume/diameter and surface area of the composite gels was
investigated.

2. Experimental

2.1. Synthesis of graphite oxide (GtO)

Graphite oxide (GtO) was prepared from natural graphite following
an improved synthesis [51]. In a typical procedure, a solution containing
360 ml concentrated H2SO4 and 40 ml concentrated H3PO4 was added
to 3 g of graphite flakes and 18 g KMnO4. Once an emerald green ho-
mogenous mixture had been obtained the solution was heated to 50
°C and stirred for 12 h. After observation of a green–brown colour
change the solution was cooled to room temperature poured over
400 ml deionised (DI) ice and H2O2 was subsequently added until a
Scheme 1. Preparation of GO–
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bright yellow colour was achieved. The obtained yellow mixture was
allowed to cool before washing with water, 30% HCl and ethanol, re-
spectively via centrifugation at 10,000 rpm for 20 min. Finally, the ob-
tained pellet was coagulated with diethyl ether and the resulting
suspension was filtered over a PTFE membrane with a 0.45 μm pore
size. The solid substance obtained on the filter was dried overnight at
ambient conditions.

2.2. Preparation of silicic acid (S.A.) solution

The source of silica used for the preparation of hydrogels waswater-
glass i.e. sodium silicate (≥27 wt%) from Sigma Aldrich, Ireland. For the
preparation of a 20 ml composite sol 5.93 ml sodium silicate solution
was diluted with 7.035 ml DI water. The dilute sodium silicate solution
was passed through an ion-exchange resin (Amberlite® IR120 hydro-
gen form; Sigma Aldrich, Ireland) (Scheme 1) in order to remove the
Na+ ions and obtain a silicic acid solution with a pH of 2.5–3.0.

2.3. Preparation of graphene oxide (GO) solution

Various amounts of GtO were added to 7.04 ml DI water. Typically,
41.21 mg, 82.43 mg and 164.85 mg GtO were added to 7.04 ml DI
water in order to prepare GO aqueous solutions which would account
of a 0.5, 1 and 2 wt% loading in the silicic acid sol. The dispersed GtO
sheets were then exfoliated via ultrasonication for 1 h in order to obtain
an aqueous dispersion of GO.

2.4. Preparation of GO–S.A. solution

GO–SiO2 composite aerogels were prepared by sol–gel polymeriza-
tion of silicic acid sols containing different loadings of GO in the range
of 0–2 wt% (scheme 1).

Theweight varying GO solutionswere added to each of the 20ml si-
licic acid solutions in order to obtain composite sols which contained
various loadings of GO ranging from 0 to 2 wt% (weight percentage of
the aerogel, assuming full conversion of silicic acid into SiO2 aerogel).

2.5. GO–SiO2 wet gel formation

Concentrated NH4OH (typically one drop) was added to the pure
SiO2 sol and the GO–SiO2 sols until the pH of the sols reached pH 6–7.
The sols were then kept at 50 °C for gelation. The obtained hydrogels
were aged for 3 h at 50 °C to strengthen the silica network of the com-
posite materials. The strengthened monoliths then underwent a 24 h
SiO2 composite aerogels.
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Table 1
The effects of GO loading on the textural properties of SiO2 aerogels.

GO content (wt%) Gelation time (min) Density (g/cm3) Volume shrinkage (%) Surface area (m2/g) (±5) Pore volume (cm3/g) (±0.05) Pore diameter (nm) (±0.2)

0 10 0.19 80 390 0.59 5.56
0.5 10 0.14 65 700 0.99 5.31
1 10 0.17 69 708 0.97 5.19
2 20 0.23 75 798 0.60 3.84
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solvent exchange in MeOH and subsequent surface modification. The
gels were immersed in MeOH:TMCS:hexane in the volumetric ratio
1:1:2 at room temperature for 24 h. After surface modification the
silylated gels were washed 4 times in 24 h with hexane to remove all
Fig. 1. Linear isotherm plots of (a) 0, (b) 0.5, (c) 1 and (d) 2 wt% GO–SiO2 composite
aerogels.

Fig. 2. SEM images of (a) 0, (b) 0.5, (c) 1 and (d)
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traces of TMCS before drying at 80 °C for 5 h, and at 150 °C for 1 h. For
a complete evaporation of the pore liquid, the gels were finally dried
at 200 °C for an hour. The aerogel samples were allowed to cool to
room temperature before being ground into a fine powder and charac-
terized by various techniques (scheme 1).

2.6. Characterisation

The gelation time was the interval between the introduction of the
gels moulds to the oven at 50 °C and the point at which the sol was no
longer mobile. The bulk density of the aerogels was determined from
their mass to volume ratio. A cylindrical column of known volume
was filled with the aerogel powders and the bulk density (dBa) was cal-
culated from its mass (ma) to volume (Va) ratio.

dBa ¼ ma

Va

The volume shrinkage (Vs) of the aerogels were determined using
the following formula:

Vs% ¼ 1−
Va
Vg

� �
X100

where Vg is the volume of hydrogel. The textural properties of the
aerogels were investigated by standard N2 gas adsorption method
using aGemini VII 2390 Surface Area Analyzer (Micromeritics). The spe-
cific surface areas and pore size distributionswere calculated by the BET
2 wt% GO–SiO2 composite aerogels ×10,000.
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Fig. 3. FTIR spectra of (a) 0 (b) 0.5 (c) 1 and (d) 2 wt% GO–SiO2 composite aerogels.
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(Brunauer–Emmett–Teller) method. The aerogel powders were
degassed at 300 °C for 3 h and the adsorption isotherms were obtained
at −196.15 °C. The morphologies of the aerogels were examined by
scanning electron microscopy (Siemens TM1000). The extent of silica
polymerization and the surface properties of the aerogels were investi-
gated by means of Fourier Transform Infrared (FTIR) spectrometer
Perkin Elmer Spectrum 100. The Raman scattering from composite
gels was investigated using Renishaw RM1000 micro-Raman system,
equipped with Leica microscope (using 50× objective lens), Peltier
cooled CCD camera, 1800 l/mm grating, and He\\Ne laser with excita-
tion wavelength of 633 nm. An XRD patterns were also obtained using
a Siemens D500 X-ray powder diffractometer with a diffraction angle
range of 2θ=10°–80° using Cu KR radiation (λ=0.15418 nm.) The el-
emental composition of each of the composite gels was examined using
X-ray photoelectron spectroscopy (XPS).

XPS was conducted using a Thermo VG Scientific (East Grinstead,
UK) ESCALAB Mk II spectrometer, inclusive of an XR3 twin anode X-
Fig. 4. Raman spectra of (a) 0 (b) 0.5 (c) 1 an
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ray source (AlKα/MgKα) and an Alpha 110 analyzer. The twin anodes
AlKα X-ray source (hν = 1486.6 eV) was operated at 300 W (15 kV
× 20 mA). A pass energy of 200 eV and a step size of 0.4 eV were
employed to obtain all survey spectra. In order to acquire C1s, O1s and
Si2p high resolution spectra a pass energy of 20 eV and a step size of
0.2 eV were used.
3. Results and discussion

The influence of GO loading on the physical and structural properties
of the composite aerogelswas investigated by varying theGO content. 0,
0.5, 1 and 2 wt% GO was added to each of the silicic acid sols. The com-
posite aerogel with the greatest GO wt% content (2 wt%) required
20 min to form a rigid gel. On the contrary, hydrogels with a lower GO
content, and the pure SiO2 gel, set within 10 min. The retarded gelation
of the 2wt%GO gel is presumably due to the saturated adsorption of GO
sheets on the surface of and amongst the SiO2 particles. Thus, the hydro-
lysis and condensation reactions between siloxane chains were hin-
dered and gelation delayed [52].

Due to drying related stresses, silica aerogels often tend to collapse
and shrink during the final stages of synthesis [53]. This shrinkage re-
sults from compressive stresses endured by the solid SiO2 gel network
[54]. These stresses which arise predominantly from surface and capil-
lary tensions cause the porous network to cave and collapse. The former
results in gel shrinkage and densification, producing an aerogel with
low specific surface area, low pore volume and high density [55].

The present investigation attempted to avoid such shrinkage, and
the consequential depreciation of the physical properties of silica
aerogels, by examining the potential of GO as a reinforcing agent. A sig-
nificant degree of shrinkage was observed for all of the prepared
aerogels. However, the addition of GO reduced the degree of volume
shrinkage by up to 19%.

As the GO loading increased to 0.5 wt% the level of shrinkage de-
creased from 80 to 65% (Table 1), suggesting that the incorporation of
GO particles amongst the silica network strengthened the gel structure.
However, as the GO content further increased to 2 wt%, a more notable
degree of shrinkagewas observed, indicating that small quantities of GO
are sufficient to circumvent shrinkage during drying.
d (d) 2 wt% GO–SiO2 composite aerogels.
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Fig. 5. (A) C1s XPS spectra of the 0 wt% and (inset) 2 wt% GO–SiO2 aerogels, (B) O1s XPS
spectra of and (C) O1s XPS spectra of (a) 0, (b) 0.5, (c) 1 and (d) 2wt% GO–SiO2 composite
aerogels.
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The density of the GO intercalated gels, presented in Table 1, follow-
ed a similar trend to the degree of shrinkage witnessed for each of the
gels. The 2 wt% GO–SiO2 aerogel exhibited a density of 0.23 g/cm3,
which is slightly denser than the pure SiO2 gel (0.19 g/cm3). However,
the addition of 0.5 wt% GO reduced the aerogel density to 0.14 g/cm3.
The decrease in density proposes a lesser extent of pore collapse, sug-
gesting that GO is capable of acting as a reinforcing agent for silica
aerogels. Consequently, the density and pore volume of each of the
composite gels are indirectly proportional to one another (Table 1).
The 68% increase in pore volume again revealed that the addition of
0.5 wt% GO prevented pore collapse when subjecting the composite
gels to drying related stresses. The subsequent decrease in pore volume,
upon the addition of 2 wt% GO, suggests an excess loading of GO within
the silica matrix. The silica network has presumably become saturated
with GO, increasing the occupancy of GOwithin the pore of the compos-
ite gels, thus reducing pore accessibility [56].

Fig. 1 shows the N2 adsorption isotherms of 0, 0.5, 1 and 2 wt% GO
aerogels. The adsorption isotherms of the pure SiO2 aerogel and each
of the GO intercalated aerogels correspond to type IV, which is consis-
tent with mesoporous materials [57]. The isotherms presented by the
0–1 wt% GO–SiO2 aerogels indicate the presence of both mesopores
(2–50 nm) and macropores (N50 nm). The existence of macropores
(N50 nm) is evidenced by elevated adsorption at relative pressures
above 0.90 and an unsaturated adsorption isotherm [58–60]. The iso-
therm of the 2 wt% GO gel however, persists in a horizontal manner
which suggests that the materials is mesoporous and does not contain
macropores [57]. Additionally, the average pore diameter decreases as
the GO content increases to 2 wt% (5.56–3.84) Table 1.

The surface morphology of the composite aerogels was investigated
using SEM (Fig. 2). Each of the prepared aerogels possessed a rough
structure which continued to coarsen as the GO loading increased. A
more compact structure was obtained as GO loading increased due to
the coalescence of the SiO2 and GO particles. The agglomeration of GO
within the SiO2 network is also evidenced by the reduction of pore vol-
ume as GO loading approaches 2 wt%.

The FTIR spectra of each of the aerogel composites are presented in
Fig. 3. Slight variation corresponding to an increase of GO content can
be observed from the spectra, however, the addition of GO did not dra-
matically alter SiO2 polymerization. The peaks at 1050 cm−1, 950 cm−1

and 800 cm−1 are attributed to the Si\\O\\Si asymmetric stretching,
Si–OH and Si\\O\\Si bending, respectively [61,62].

The Si\\O\\Si band at 1050 cm−1 begins to decrease in intensity and
shifts to the low-frequency side as the GO content is increased. Similar-
ly, the intensity of the Si-O-Si peak at 750 cm−1 also begins to decrease
significantly.

The variations in peak intensity confirm that as the GO content in-
creases from 0 to 2 wt% the number of free hydroxyl and hydrocarbon
groups present on the surface of the composite gels decreases [63]. In
contrast, the peak at 950 cm−1, associated with the Si–OH vibrations,
increases as the loading of GO increases to 2 wt%, presumably due to
the abundance of oxygen functional groups located on the edges of
theGO sheets [64]. Furthermore, the Si\\Cpeak located at approximate-
ly 1250 cm−1 begins to intensify as GO content increases to 2 wt%.

Raman spectra of the various GO–SiO2 composite aerogels are pre-
sented in Fig. 4. The D, G and 2D bands associated with graphene
based materials, [65,66] are observed around 1335 cm−1, 1575 cm−1

and 2700 m−1, respectively. Furthermore, two sharp peaks are ob-
served on the background of the broad 2D band of graphene at approx-
imately 2887 and 2965 cm−1. The latter can be assigned to amorphous
SiO2, due to the appearance and intensity of both the 2887 and
2965 cm−1 peak within the Raman spectrum of pure SiO2 aerogel
(Fig. 4, line (a)). The intensity of the SiO2 peaks decreases as the GO con-
tent of the aerogel increases. Conversely, as the GO loading increases
aerogel increases. Conversely, as the GO loading increases from 0 to
2 wt% the D and G peaks become more intense. The XRD patterns of
the various wt% GO–SiO2 composites (ESI Fig. 1.), display a
Please cite this article as: S. Dervin, et al., Graphene oxide reinforced high surface area silica aerogels, J. Non-Cryst. Solids (2017), http://dx.doi.org/
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Table 2
XPS peak positions and atomic % Si, C, and O in GO–SiO2 composite aerogels.

Element

0 wt% GO 0.5 wt% GO 1 wt% GO 2 wt% GO

Binding energy Bond Atomic % Binding energy Bond Atomic % Binding energy Bond Atomic % Binding energy Bond Atomic %

C1s 284.6 C_C 8.78 284.6 C_C 10.76 284.6 C_C 9.57 284.7 C_C 11.00
285.6 C–OH 4.92 285.6 C–OH 5.26 285.6 C–OH 6.71 285.5 C–OH 6.82
287.0 C\\O 0.96 286.8 C\\O 1.05 286.9 C\\O 1.71 286.8 C\\O 3.46

O1s 533.2 C–OH 61.47 533.1 C–OH 59.29 533.2 C–OH 59.04 533.3 C–OH 56.63
Si2p 103.7 SiO2 (Si4+) 23.86 103.8 SiO2 (Si4+) 23.78 103.9 SiO2 (Si4+) 23.01 103.9 SiO2 (Si4+) 22.21
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characteristic GO peak, which appears at approximately 2θ = 10°, [67]
which may be due to the small amounts of GO added to the SiO2 sam-
ples. Furthermore, the disappearance of the 2θ = 10° peak suggests
diminishing of long-range structure ordering of the graphene domains,
[68] which illustrates the interaction of GO with SiO2 particles. The ob-
tuse peak which appears between 13 and 23° can be attributed to the
presence of the amorphous silica matrix [69].

XPS was employed as a tool to explore the interactions between GO
and SiO2, study the chemical composition composite gels, and confirm
the removal of Na+ ions. The high resolution XPS spectra of the 0 and
2 wt% GO integrated gels are presented in Fig. 5. The survey spectra
for the 0–2 wt% GO–SiO2 gels are also presented, in ESI Fig. 2. XPS anal-
ysis indicated the presence of adventitious carbon and an extent of car-
bon contamination in each of the GO intercalated gels, due to
atmospheric carbon or organic deposits residing from the synthetic pro-
cess [70]. The spectra presented in Fig. 5 indicate little variation within
the bonding of the 0, 0.5, 1 and 2wt% GO intercalated gels was revealed,
as is also evidenced by FTIR. Specifically, the deconvoluted C1s spectra
of the pure SiO2 gel and the composite gel with the greatest GO loading
exhibit three functional groups, consistent with bothmaterials (a) C_C
(b) C–OH and (c) C\\O. The data displayed in Table 2, however, reveals
that although there are no changeable functional, a variation in chemi-
cal composition can be observed. As the GO content increased, from 0
to 2 wt%, the atomic % of carbon increased from 14.53 to 21.16 at%.

The examination of the physical and structural properties of the as
prepared GO–SiO2 aerogels indicate that the incorporation of GOwithin
the silica matrix can reduce pore collapse and thus volume shrinkage
without diminishing the intricate properties associated with silica
Scheme 2. Graphene oxide r
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aerogels. The various loadings (0.5–2wt%) of graphene oxide, deposited
amongst the silica particles, did not disrupt the chemical framework of
the SiO2 aerogels, excluding slight variation in Si\\GO bonding as the
GO content of each of the composite gels increases. However, a variation
in physical properties of each of the materials was witnessed. As pore
volume increased, upon addition of 0.5wt% GO, the density and volume
shrinkage of the aerogels decreased from0.19 to 0.14 g/cm3 and from80
to 65%, respectively.

The increase in pore volume and decrease in both density and
shrinkage suggest that a lower GO content is recommended for the en-
hancement of SiO2 aerogels. A quantity as small as 0.5 wt% of GO is suf-
ficient to support the structure of the gel during ambient drying,
preventing pore collapse and network shrinkage, thus also increasing
the surface area of the aerogel (390–700 m2/g).

Previous reports have highlighted the potential of carbon basedma-
terials, such as carbon fibres and nanotubes, etc. to, preventing shrink-
age and pore collapse of silica aerogels [63,71,72]. However, in
contrast to GO, quantities N0.5 wt% of the silica aerogel mass were
often required to reduce shrinkage of the porous silica framework [71,
72]. Additionally, material properties such as, density, pore diameter
and surface area were impeded. The intercalation of the silica aerogels
with high density carbon fibres increased the density of the composite
gels and distorted pore diameter [63]. Alternatively, the addition of
more lightweight carbonmicrofibers preserved the low density of silica
aerogels but the surface areas of the materials were diminished [71].

The current study has therefore revealed that GO can be considered
as a promising reinforcing agent for silica aerogels (Scheme 2). The car-
bon basedmaterial is capable of acting as a nanofiller, strengthening the
einforced silica aerogel.
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silica backbone while also enhancing the physical properties of the ma-
terial, such as surface area, pore volume and density.
4. Conclusions

Graphene oxide was added to silica aerogels, prepared from sodium
silicate, in varying of wt% contents to investigate the potential of GO to
enhance the physical properties of silica aerogels. The study revealed
that GO is capable of reducing the volume shrinkage of silica aerogels
while simultaneously improving the density, pore volume and surface
area of the porous materials.

The incorporation of GOwithin the silicamatrix enlarged the surface
area of each of the aerogels from 390 m2/g (pure SiO2 aerogel) to
798 m2/g (2 wt% GO–SiO2 aerogel). Furthermore, the addition of
0.5 wt% GO resulted in a 19% decrease in volume shrinkage, a 26% de-
crease in density and a 68% increase in pore volume. The investigation
thus confirmed that the incorporation of small quantities of GO within
the silica matrix is not only capable of reinforcing the porous network
but also yields aerogels with enhanced properties, such as high surface
areas.
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