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a b s t r a c t
Development of multifunctional and high-performance silicone aerogel is highly required for various
promising applications. However, unstable cross-linking structure and poor thermal stability of silicone
network as well as complicated processing restrict the practical use signiﬁcantly. Herein, we report a
facile and versatile ambient drying strategy to fabricate lightweight, wide-temperature ﬂexible, superhydrophobic and ﬂame retardant silicone composite aerogels modiﬁed with low-content functionalized
graphene oxide (FGO). After optimizing silane molecules, incorporation of γ -aminopropyltriethoxysilane
functionalization is found to promote the dispersion stability of GO during the hydrolysis-polymerization
process and thus produce the formation of unique strip-like co-cross-linked network. Consequently, the
aerogels containing ∼2.0 wt% FGO not only possess good cyclic compressive stability under strain of 70%
for 100 cycles and outstanding mechanical reliability in wide temperature range (from liquid nitrogen
to 350 °C), but also display excellent ﬂame resistance and super-hydrophobicity. Further, the optimized
silicone/FGO aerogels display exceptional thermal insulating performance superior to pure aerogel and
hydrocarbon polymer foams, and they also show eﬃcient oil absorption and separation capacity for various solvents and oil from water. Clearly, this work provides a new route for the rational design and
development of advanced silicone composite aerogels for multifunctional applications.
© 2022 Published by Elsevier Ltd on behalf of The editorial oﬃce of Journal of Materials Science &
Technology.

1. Introduction
Accompanied with frantically exploiting of fossil fuels in the
21st century, energy scarcity is among the most challenging
crises in modern society [1]. Typically, the energy that is needed
to maintain a pleasant interior atmosphere accounts for more
than 10% of the world’s total energy consumption [2]. Up to∗
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day, environmentally-friendly building-energy materials are widely
committed to industrial energy saving and storage applications, accounting for >30% of total global energy consumption. Typically,
porous polymer foam and aerogel materials e.g., polyurethane (PU)
and polyethylene (PE) foams have been widely used in industrial energy-storage application to control the energy eﬃciency of
buildings. Although these porous materials have excellent thermal
insulating performance and other multiple functions at room temperature [3–8], they exhibit structural collapse when encountering
a ﬂame because of their easy thermal degradation behavior at high
temperature [9,10], even leading to serious ﬁre disasters in building [11]. Therefore, tremendous scientiﬁc and commercial atten-
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tion is devoted to the development of nontoxic, affordable, ﬂameretardant and thermal insulating porous material, which represents
a remarkable social and economic signiﬁcance in the civilian and
military ﬁelds [12,13].
Owing to their unique chemical resistance, wide-temperature
stability, ultralow thermal conductivity and porous structure,
silicone-based foams/aerogels have been widely investigated
in various applications, such as energy storage, aviation and
aerospace industries [14–21]. Many approaches, e.g. freeze drying
[14], supercritical drying [17,22], 3D print technique [23], and ambient pressure drying [24,25], have been developed to fabricate the
porous silicone aerogels. Replacing the liquid solvent within the
pores of the gels with air via freeze, supercritical or vacuum drying requires the use of special apparatus and removal of solvents,
thus restricting the large-scale production of these materials [26].
The 3D printing technique usually shows low eﬃciency and needs
the “printing ink” with an appropriate viscosity, which are timeconsuming and small-scale. Comparatively, the ambient pressure
drying process shows some advantages showing promising for potential application. However, the prepared aerogel materials usually show serious cracking because of the fragile structure of the
gels, thus leading to low mechanical strength and poor ﬂexibility,
which should be critically addressed before their practical applications [27].
To resolve the above issues, many prior efforts focus on utilizing novel strategies to overcome the brittleness of silicone aerogel with maintaining other unique performance [28]. For instance,
strengthening skeleton structure of silica aerogel by cross-linking
with organic polymer such as phenol-formaldehyde resin [29],
epoxy [30], polystyrene and nano-ﬁller [31], have been proven
to an effective method. Recently, Zu et al. developed tunable
double/triple-network structure consisting of cross-linked ﬂexible
hydrocarbon polymer via a radical co-polycondensation strategy
and prepare mechanical ﬂexible polyorganosiloxane aerogels [32].
On the other hand, incorporation of carbon nano-materials such as
carbon nanotubes, graphene and its derivatives also affords a higheﬃciency synergistic reinforcement for aerogel composite materials [33]. However, these above silicone aerogels, obtained by the
introduced ﬂexible organic groups, still display ﬂammable nature
and easy pyrolysis, which cannot meet the next-generation requirement of the high-performance aerogel. Therefore, it is imperative but challenging to fabricate mechanical ﬂexible, thermal insulating and ﬂame-retardant silicone aerogel materials via a facile
fabricating strategy.
Herein, we report a facile hydrolysis-polymerization process
to fabricate mechanical ﬂexible, super-hydrophobic and ﬂameretardant silicone aerogel via incorporating a very low content
of functionalized graphene oxide (FGO) at ambient temperature.
The γ -aminopropyltriethoxysilane (APTES) surface modiﬁcation of
graphene oxide (GO) is found to effectively resolve the critical agglomeration problem of GO sheets in the silicone/cationic surfactant (CTAB) mixture due to the strong electrostatic interactions;
and the APTES modiﬁed-FGO with high speciﬁc surface area is
homogeneously dispersed in the system to successfully achieve
the co-cross-linked FGO/silicone aerogels. Interestingly, addition of
∼2.0 wt% FGO not only improves the mechanical ﬂexibility, cyclic
compressive stability, surface hydrophobicity and absorption capacity of the silicone aerogel, but also endows it with high thermal
stability, excellent ﬂame-retardant and thermal insulating properties, superior to the pure silicone aerogel and other hydrocarbon
polymer foam materials. The synergistic ﬂame-retardant mechanisms between the GO and silicone molecules were proposed
based on a serious of structure observation and analysis. Moreover, the potential oil/water separation of such multifunctional
FGO/silicone aerogel is demonstrated and discussed.

2. Experimental
2.1. Materials
Graphite powder (500 meshes) was provided by Shanghai Yi Fan Graphite Co., Ltd. Several silane coupling agents,
inconcluding
trimethoxymethylsilane
(MTMS),
dimethoxydimethylsilane
(DMDMS),
γ -aminopropyltriethoxysilane
(APTES),
3-glycidoxypropyltrimethoxysilane
(EPMS),
3methacryloxypropyltrimethoxysilane
(MPMS)
and
3mercaptopropyltrimethoxysilane (MPTMS) were supplied by
Shanghai Aladdin Bio-Chem Technology Co., Ltd. Various solvents,
including concentrated sulfuric acid (H2 SO4 , 98%), hydrochloric
acid (HCl, 35%), phosphorus pentoxide (P2 O5 ), hydrogen peroxide
(H2 O2 ), potassium persulfate (K2 S2 O8 ), potassium permanganate
(KMnO4 ), hexadecyltrimethylammonium bromide (CTAB), urea
(99%); acetic acid (99%); n-hexane (97%), isopropanol (99%), gasoline, acetone, ethanol, xylene, dichloromethane, and chloroform
were purchased from Sinopharm Chemical Reagent Co., ltd. The
materials and chemicals were used as-received without further
puriﬁcation.
2.2. Functionalized of graphene oxide (FGO)
GO sheets were obtained by a modiﬁed Hummer method according to our previous work [34,35]. In order to solve interfacial compatibility between the GO and silane molecules, various
silane coupling agents with different functional groups were used
to modify the GO sheets. Typically, given amounts of 250 mg GO
sheets, 480 mL ethanol and 20 mL water solution were mixed by
stirring and sonicating each for 30 min, and then dropwise an
amount of ammonia water to adjust the pH condition (9–10). After that, 25 g ethanol solution containing silane coupling agent
(20 mg/g) was added dropwise to GO solution in the three-necked
ﬂask and forming a homogeneous solution under high-speed stirring for 30 min. Subsequently, the obtained suspension was kept
under magnetically stirring at 80 °C for 24 h. The resulting precipitate was washed repeatedly 4–5 times with ethanol to completely
remove the unreacted molecular to obtain the functionalized GO.
In this system, different silane molecules (i.e. APTES, EPME, MPMS
and MPTMS) were investigated for GO modiﬁcation, and the result
indicates GO sheets with APTES modiﬁcation is the best choice.
2.3. Preparation of FGO/silicone aerogel (FGSA)
FGSA was synthesized via a facile sol-gel process and ambient
pressure drying (APD) method. First, the precursor sol solution was
prepared by mixing 0.4 g of CTAB, 2.5 g of urea, and 0.175 mL
HAc solution (0.4 M) and ethanol/water co-solvent in a glass tube.
Then, 1.5 mL of MTMS, 1.0 mL DMDMS and different amounts (0–
28 mg) of FGO sheets were uniformly dispersed in the above solution and magnetically stirred for 60 min at room temperature. Following polymerization and aging process was performed by heating in an oven at 80 °C for 48 h. Finally, the obtained wet gel
was dried at ambient temperature via solvent-exchanged method
by soaking in 2-propanol/n-hexane trice each for 8 h or directly
washing with ethanol solution three times. The FGSA samples with
different amounts of FGO are denoted as FGSA-x, where x stands
for the weight content of FGO in the sample. All the samples were
fabricated according to the above procedure.
2.4. Characterization
The morphologies of GO sheets and FGSA samples were characterized by scanning electron microscopy (SEM, Sigma-500 ZEISS)
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with an energy dispersive X-ray spectroscopy (EDS) mapping detector. The chemical components of the raw material and FGSA
were characterized by Fourier transform infrared spectra (FTIR) in
the 40 0–40 0 0 cm−1 frequency range. X-ray photoelectron spectroscopy (XPS) was performed to assess the elemental compositions with a using photoelectron spectrometer (VG Scientiﬁc ESCALab 220I-XL). X-ray diffraction (XRD) analysis was carried out
on a D/Max 2550 V Xray diffractor (Rigaku, Japan) in the 2θ
range from 5° to 40° at a scan rate of 5°/min. The liquid prepolymer of FGSA sample under sol-gel progress was observed
by the optical microscopy (Nikon Eclipse LV00POL). Compressive
test of the sample was evaluated by using a universal machine
(Ametek Ls100plus) with a 100 N load sensor. Dynamic compressive characteristics were detected by a DMA (TA-Q800) equipped
with temperature-adjusting chamber for transitions from RT to
400 °C.
The thermal stability of the samples was studied using thermogravimetric analysis (TGA) (TA Instruments Q500) in the 35 to
800 °C temperature range at a heating rate of 10 °C min−1 under
N2 atmosphere. Flame-retardant properties of the samples were
evaluated by alcohol lamp and blowtorch to observe the combustion behavior, and the morphologies of the sample after burning
were examined by SEM. Thermographic images of the samples during heating and burning were also acquired using an infrared camera (FLIR E60). The wetting properties were determined with a
DSA30 CA analyzer (Kruss, Germany) using a 3 μL water droplet
at room temperature.

unique combination plays critical roles in mechanical and thermal
stability behavior by providing favorable interfaces between the
units. Typically, FGSA forms strong and tough construction bonded
with slight FGO sheets displays excellent multifunctional performance, such as lightweight (0.135 g/cm3 ), compressive strength,
super-hydrophobicity (c.a. ∼153°), thermal insulation and ﬂame retardant properties in which surface temperature of ∼35 °C upon
heating at 100 °C for 30 min (Fig. 1(d-g)).
3.2. Structural characterizations and performance analysis
Silicone aerogels prepared by ambient drying processing have
greatly lessened the preparation time and the production cost,
showing a promising path towards more scalable fabrication [38].
Normally, cationic surfactant (e.g. CTAB) has been widely used for
suppressing phase separation in the aerogel system [39]. Unfortunately, GO sheets with many oxygen-containing groups (such
as hydroxyl, carboxyl, etc. [40]) are easily agglomerated due to
their strong electrostatic interactions with CTAB surfactant [41].
Therefore, it is critical to achieve homogeneous dispersion of GO
sheets in the matrix for obtaining outstanding performance [42].
Notably, the combination of GO sheets and silicone framework
is a key factor affecting metrics via the affordable APD strategy,
which balances the relationship among conservation of charge,
acid-base condition and phase separation. The preparation process
of GO/silicone composite aerogel (GSA) demonstrates that, without
the APTES modiﬁcation, the precursor solution appears to be stratiﬁed and induces obvious GO cluster due to the electrostatic interactions between the oxidized groups of GO and the amino groups
of CTAB; and the stable monolith sample cannot be obtained and
shown in Fig. 2(a).
To solve above problems, a variety of silane coupling agents,
such as EPMS, MPMS, MBTPS and APTES, were used to functionalize GO sheets, and the results showed that the APTES was preferred as the optimal choice (Table S1) to produce a stable FGOmodiﬁed silicone aerogel (Fig. 2(b)). This is probably attributed to
the fact that FGO sheets contains positively charged amino groups
and negatively charged oxygen-containing groups after modiﬁcation with APTES molecules. During the hydrolysis and polycondensation of APTES with GO sheets, the formation of Si-O-Si/Si-O-C
bonds, C–N coupling reaction and C = O(N–H) bond (reaction of
-NH2 groups with epoxy or carboxyl groups) can successfully resolve mutually exclusive phenomena (Fig. 2(c)). A series of characterization and test were conducted to verify the above analysis.
SEM and element mapping images of GO sheet with the sheets
size ranging from 10 to 40 μm reveal homogeneous distribution
of carbon and oxygen element, whereas the additional silicon and
nitrogen elements are well dispersed onto the sheets after the incorporation of APTES silane modiﬁcation (Fig. S1).
FTIR spectra of GO reveals the typical characteristic peaks such
as C–O-C in epoxide group at 1060 cm−1 , the C = C skeletal vibrations at 1620 cm−1 , the C = O stretching vibrations at 1730
cm−1 and the broad peak of hydroxyl groups at 30 0 0–350 0 cm−1
[43]. After modifying sheets with APTES, a broad peak appeared at
2924 cm−1 corresponding to the symmetric and asymmetric vibration of -CH2 groups in the FT-IR spectrum of FGO, which was assigned to the alkyl chains from the silane moieties (see Fig. 2(c-ii)).
Moreover, the appearance of N–H stretching vibration band at 1570
cm−1 and NH(C = O) amide bond vibration at 1636 cm−1 indicates
the formation strong interactions due to the chemical reaction between the amine group of APTES and epoxy/carboxyl groups of
GO [44], demonstrating the formation of co-cross-linked network.
Meanwhile, the appearance of the peaks Si-O-Si at 1110 cm−1 and
Si-O-C at 1030 cm−1 gives more effective evidence for the functionalization of GO. XPS analysis and X-ray diffraction (XRD) results
further conﬁrm the effective intercalation of the APTES molecules

3. Results and discussion
3.1. Construction process of FGSA modiﬁed with FGO sheets
As a sustainability green-resource, hybrid organic/inorganic silicone aerogel composites via an APD method are widely used in
energy ﬁeld, while the freeze-drying (FD) and supercritical-drying
(SCD) approaches have been limited by the costly and long prepare
periods, making them ineﬃcient for large-scale production [36]. In
our strategy, in order to fabricate the ﬂexible FGO/silicone aerogel
(FGSA), MTMS and DMDMS molecules in aqueous dispersions were
ﬁrstly hydrolyzed in the presence of FGO to form the silicone sol
under acid condition, and then polycondensated to construct the
hydrogel under alkaline environment due to the gradual thermal
decomposition of urea (Fig. 1(a)). To be speciﬁc, a proper amount
of CTAB, urea, HAc, silane precursor and FGO sheets were sequentially dissolved into water/ethanol mixture to achieve full hydrolysis of the alkoxy group of silane molecules. Following hydrolysis,
the silane molecules can cross-link, and subsequent undergo gelation and aging progress at 80 °C for 2 days to allow further reinforcing the network structure. Finally, the hydrogel was washed for
several times with isopropanol and ethanol sequentially to remove
partially hydrolyzed silanes and oligomers. The washed hydrogel
can be dried directly by evaporation at ambient pressure without any shrinkage and rupture, overcoming the costly and complicated SCD and FD drying processes. During the washing process, a remarkable phenomenon of no shedding and exudation of
FGO sheets was observed in the washing solution, demonstrating
the strongly chemical bond between FGO and silane skeleton (discussed later) [37].
Beneﬁting from the chemical binding between the aerogel and
the silanized GO sheet, FGSA sample effectively overcomes the traditional silica aerogel problems in which its powder easily falls
off. Moreover, different from necklace-like poor crosslinking networks of pure SA, it accomplishes the inner network transformation and resembles a strip-strip shaped strong bonding skeleton
inlayed with FGO sheets (Fig. 1(b, c)), which can be controlled by
the unique co-solvent’s ratio and incorporation of FGO [18]. This
133
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Fig. 1. Schematic illustration of fabricating procedure of multi-functional FGSA samples. (a) Illustration of the synthesis route of FGSA. (b, c) SEM images and schematic
diagram of the network transformation from SA to FGSA samples. (d-g) Basic physical performance of FGSA-2.0, showing lightweight (∼0.135 g/cm3 ), wide-temperature
mechanical reliability, super-hydrophobicity (WCA of ∼153°), ﬂame resistance (structure integrity after 30 s ﬂame attack), and excellent thermal insulation (top 35 °C on the
hot stage of 100 °C for the sample with 20 mm thickness after 30 min).

in the GO sheets since the presence of Si and N peaks in the
XPS curves and the XRD peak shift from 10.51 for the GO to 6.18
for the FGO can be clearly visible in Fig. S2(a-c). In addition, TGA
curves in Fig. S2(d) also disclose that, compared with pure GO with
low residual weight of 40.1 wt% due to the thermal decomposition of unstable oxygen-containing groups, the FGO sheets show
much high residual weight of 63.1 wt%, conﬁrming improved thermal stability after the APTES modiﬁcation. This is likely due to the
grafted silane molecules as an effective physical barrier since the
thermal degradation of the silane molecules would induce a dense
nano-silica char onto the GO sheets to inhibit the thermal decomposition of the sheets effectively but promote the graphitization via
thermal reduction [45], and similar phenomena were observed in
the previous work [46].
Noteworthy, FGO sheets modiﬁed with APTES possess enough
amino and silane groups, which guarantees its stable dispersion
without gravity sedimentation in the GO/silane/water mixture solution, thus overcoming the above issue of the GO cluster without the surface modiﬁcation (Fig. 2(b)). Meanwhile, FGSA hydrogel could withstand the capillary pressure during ambient pressure
drying, revealing its excellent mechanical properties and ﬂexibility.
In addition, the shorter gelation time required for FGSA (30 min)
compared with pure SA (60 min) provides a solid evidence for
splendid crosslinking, due to the incorporation of FGO sheets containing different functional groups such as -NH2 , -Si-O-Si, -OH, -

COOH. Optical microscopy images further illustrate the inner construction under the sol-gel process. A stable suspension was detected in the sol-gel process, and the interesting phenomenon
demonstrates that FGO sheets are uniformly dispersed in the cell
surface without obvious agglomeration (Fig. 2(d)). To point out the
effective combination of silicone aerogel and FGO sheets, the FTIR
and XPS spectra analysis is carried out and shown in Fig. 2(e-g).
Typical FTIR spectrum of the pure SA aerogel depicts intense vibration bands at 780, ∼860 and ∼1260 cm−1 corresponding to the
asymmetric stretching of Si-C bonds, rocking of -CH3, and asymmetric deformation of C–H bonds, respectively. Meanwhile, the
bands located at ∼1013 cm−1 and ∼1080 cm−1 are ascribed to the
asymmetric stretching of Si-O-C and Si-O-Si bonds [45,47,48], respectively. Comparatively, the FTIR spectrum of the FGSA-2.0 sample displays a new peak at ∼1600 cm−1 ascribed to the stretching
of C = C bonds, and an enhancement of the peak intensity at 2963
cm−1 corresponding to the symmetric and asymmetric vibration of
-CH2 , -CH3 groups, represent a good evidence of FGO incorporation
in the hydrogel [49]. Moreover, the surface elemental composition
of the samples was assessed by XPS analysis (Fig. 2(f, g)). Clearly,
compared with pure SA aerogel with four characteristic peaks, i.e.,
C1s (ca. 285 eV), Si2p (ca. 103 eV), Si2s (ca. 153 eV), and O1s (ca.
532 eV), the appearance of characteristic peaks of N1s (ca. 400 eV)
and Si-O-C bonds (ca. 102 eV) conﬁrms the effective incorporation
of FGO sheets into the aerogel structure .
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Fig. 2. Structural characterizations and analysis. Photographs of preparation process of (a) GSA and (b) FGSA-2.0 sample via a facile sol-gel method, showing different
structure integrity. (c) Silane-functionalized FGO sheets: (i) Schematic illustration of different reaction mechanisms of GO sheets with APTES molecules and (ii) FTIR spectra
results. (d) Optical microscopy images of FGO/silane mixture, demonstrating good dispersion of FGO. (e) FTIR results and (f, g) high-resolution XPS spectra of silicone aerogel
without and with incorporation of FGO sheets.

rior to those of traditional building materials, e.g. PE or PU foam.
Figs. 3(e, f) and S3 display the cyclic compressive loading at R.T.
and high-temperature of ∼200 °C, respectively. As expected, the
compressive strength of the FGSA sample at 70% strain signiﬁcantly improves with increasing the FGO content, which can be
attributed to the outstanding bonding between FGO sheet and
aerogel skeleton. Although the compressive strength and stability at high temperature show slight decrease due most likely to
the part of functional group decomposition, most of the mechanical performance were still maintained. Subsequently, temperatureprogrammed compression experiments (50, 100, 150, 20 0, 250, 30 0
and 350 °C) were implemented in the FGSA-2.0 sample. Clearly,
the sample also retained its complete skeleton structure and mechanical ﬂexibility performance after exposure to high-temperature
ﬂame or low temperature liquid nitrogen conditions (Fig. S6),
demonstrating excellent mechanical resilience in wide-temperature
range, which is consistent with the TGA result. Given the large
surface area of FGO sheets and the unique interfacial interaction,
the FGSA composites with a lower content of FGO featured robust compressive strength, chemical inertness and thermal stability; and the related mechanism scheme is depicted in Fig. 3(g).

3.3. Mechanical properties
Systematic mechanical investigations were carried out to evaluate the correlation between the mechanical performance and optimal structure. As is shown in Fig. 3(a, b), the FGSA-2 can withstand compression of ∼70% without any fracture and possess a
closed hysteresis, revealing the no obvious energy-dissipative pathway. Meanwhile, accompanied with the incorporation of FGO with
high Young’s modulus, the FGSA sample shows higher compressive
strength compared with pure SA sample, e.g., ∼83 kPa for FGSA2.0 and ∼12 kPa for pure SA aerogel at strain of 70%. Moreover,
the FGSA-2.0 sample could maintain compression stability and recover of its original size independent of the compressive rates (0.5
to 20 mm/min) or cyclic compression of 100 cycles (Fig. 3(c, d)),
revealing good mechanical stability at room temperature. Comparatively, most constituent materials typically cannot withstand high
temperatures, but it is critical to keep good compressive performance at harsh environment.
As a new alternative, our FGSA samples combining the unique
co-cross-linked silane molecule and FGO sheets are expected to
produce wide-temperature mechanical ﬂexibility, which are supe-
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Fig. 3. Mechanical properties of FGSA samples. Compressive stress-strain curves of (a) pure SA and (b) FGSA-2.0 at different compressive strain values of 10%, 30%, 50%,
70%. (c) Compressive strain-stress curves and (d) cyclic compressive performance of FGSA-2.0 sample at different compressive rates. (e) Comparison of cyclic compressive
performance of various silicone aerogels under 200 °C, and (f) compression cyclic performance of FGSA-2.0 sample at different temperature conditions. (g) Schematic diagram
of compression recovery process of FGSA-2.0 sample during the cyclic loading-unloading process.

The inner structure transformation of FGSA, gradually from pearl
necklace-like poor particle-connection to strip-strip shaped connection, increases the silane backbone connection area and thus
contributes to high compression stability. On the other hand, the
unique co-cross-linked network produced by the FGO sheets gradually enhances the contact area between the siloxane molecules
and the FGO sheets and is thus beneﬁcial to the construction of a
stable monolithic network [50].

the presence of FGO in SA aerogel not only lead to the enhanced
degradation temperature, but also increased the thermal residue
yield from ∼19.2 wt.% for pure SA to ∼74.8 wt.% for the FGSA-2.0
sample.
For the organic SA sample, although it has better thermal resistance and thermal insulation performance, compared to the traditional foam material, but the ﬂame resistance is still not desirable. As shown in Fig. 4(c), pure SA sample revealed the easy ignition and rapid combustion behavior once exposed to an alcohol
lamp ﬂame (ﬂame temperature of 40 0–50 0 °C), and the thermal
decomposition continued even removing the ﬂame. Five seconds
exposure was suﬃcient to destroy the internal structure until the
organic skeleton burns out and collapses. So, it is still imperative
for ensuring a satisfactory ﬁre hazard control for such SA. Notably,
both the FGSA-1.0 and FGSA-2.0 samples with small amount of
FGO reveal conspicuous improvements of tolerance to the ﬂame
or high-temperature attack, revealing a well consistent enhancement with increasing FGO content (Fig. 4(d)). Although the FGSA1.0 sample was not immediately surrounded by ﬂame attack, but
the internal structure experienced gradually pyrolytic degradation
and eventually became a solid inorganic block of silica [52]. The

3.4. Flame-retardant and thermal stability performance
To assess the thermal stability of various samples, TGA measurements were conducted and shown in Fig. 4(a, b). For pure
SA sample, the main mass loss occurs in the temperature range
of 40 0–60 0 °C due to the thermal pyrolysis of pendant groups
[25]. Comparatively, the TGA curves of the FGSA ﬁrstly exhibits a
weak weight loss occurred at about 200 °C related to the thermal degradation of oxygen-containing groups and amino groups
on the FGO surface. A maximum weight loss stage was observed
at 50 0–60 0 °C, which is attributed to the thermal degradation of
the graphitic framework and silane molecules [51]. Noteworthy,
136
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Fig. 4. Thermal stability and ﬂame-retardant properties of various aerogel samples. (a) TGA and (b) DTG curves of FGSA with different FGO content in N2 atmosphere,
demonstrating improved thermal stability. Comparison of typical combustion processes of (c) SA, (d) FGSA-1.0, (e) FGSA-2.0 samples, demonstrating improved ﬂame resistance
after APTES functionalization.

optimized FGSA-2.0 sample with 2.0 wt% FGO sheets displayed
outstanding ﬂame resistance and rapid self-extinguishing performance owing to effective barrier of the formation of porous cocross-linked structure, as indicated in Fig. 4(e). Based on the above
results and analysis, it is clear that the FGO incorporation into the
silicone aerogel featuring the co-cross-linked network contributed
to the enhancement of the thermal stability and ﬂame-retardant
performance, which will be discussed in the following section.

pared and analyzed. FTIR and XPS spectra of results could offer solid evidences by clarifying the change of chemical composition. As is shown in Fig. 5(a), the area of the stretching peaks
of the FGSA-2 sample, such as -CH2 , -CH3 groups at 2963 cm−1
and C = O group at 1728 cm−1 , decreased gradually upon increasing of the applied temperature and completely disappeared
after exposure to the ﬂame. Meanwhile, the peak intensities of SiO-Si (∼1010 cm−1 ) and Si-O-C (1080 cm−1 ) groups had no obvious change below 300 °C [53]. The above results disclose that the
thermal degradation temperatures of these functional groups are
more than 300 °C, which are consistent with TGA result, endowing the modiﬁed sample with good mechanical properties even
in harsh condition. Notably, once encountered ﬂame source, the

3.5. Flame-retardant mechanism analysis
To further explore the related ﬂame-retardant mechanisms of
FGSA, various samples before and after burning tests were com137
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Fig. 5. Flame-retardant mechanism analysis. (a) FTIR spectra of the FGSA samples before and after different temperature treatments. (b) XPS survey spectrum of pure SA,
FGSA and burned FGSA samples. (c) High-resolution XPS spectrum of Si2p of FGSA-2.0 sample after burning. SEM images of (d) pure SA and (e) FGSA-2.0 samples after
burning, showing different silica protective layer due to the presence of FGO sheets.

cal particles ∼5 μm in diameter (Figs. 5(d) and S5(a)). Upon ﬂame
exposure, the sample burned, following with the thermal degradation processes of the organic-inorganic hybrid aerogel frameworks
including the decomposition of organic groups and depolymerization of Si-O backbone. It is well-established that restricting the
oxygen transport and heat diffusion represent an effective strategy for controlling ﬁre propagation improving temperature resistance and thermal insulation [54]. The FGSA-2.0 containing the
APTES functionalized-GO sheets can provide strip-strip strong connection between the cross-linked silicone and the FGO sheets (see
Fig. S5(b)). After burning, the surface morphology of the FGSA-2.0
sample revealed that the raspberry like protective crust was uniformly formed on the out-surface (Fig. 5(e)). High-magniﬁcation
SEM image gave a further evidence on the formation of a compact nano-silica layers on the top surface resulting from the silicone molecules and FGO burning [55,56], and the nano-silica char
can restrict the thermal degradation of FGO, thus yielding the synergetic ﬂame-retardant effects [45,48,57]. On the other hand, the
thermal degradation of the FGO might release inert gasses such
as ammonia, nitrogen, carbon dioxide e.g., which could potentially dilute the combustible gas and delay the ﬂame combustion

related peak position and intensity of Si-O-Si displayed obvious
increase and shift, further conﬁrming the effective formation of
inorganic nano-silica particles [47], which is well-consistent with
SEM observation. XPS results further disclose the change of surface
chemical compositions after burning (Fig. 5(b, c)). The Si/O ratio
was slightly increase from ∼1.16 for pure SA to ∼1.22 for FGSA and
the new peak of N 1 s appears due to incorporation of low content of FGO. For the FGSA-2.0 after burning, the Si/O ratio obviously increases to ∼1.75 because of the decomposition of oxygencontaining groups and the appearance of silica particles. And the
atomic percentage variations of C, O, Si elements also support for
the above results (Fig. S4 and Table S2). Moreover, the Si 2p peak
intensity curve of the FGSA-2.0 sample after burning reveals a signiﬁcant decrease of the Si-C peak along with a complete disappearance of Si-OH component after combustion. Meanwhile, the intensity of the Si-O-Si peak increases greatly, further indicating the effective formation of an inorganic silica protective layer.
Micro-morphology of the pure SA and FGS aerogel before/after
burning tests was investigated to analyze the possible ﬂame retardant mechanism (Fig. 5(d, e)). Typically, SEM results indicated
that the inner structure of pure SA consists of numerous spheri138
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Fig. 6. Thermal insulating performance of FGSA sample and other commercial polymer foam materials. Digital and infrared thermography images of (a) PE foam and PU
foam, (b) pure SA and (c) FGSA-2.0 samples (The heater temperature is ∼200 °C for 90 s, thickness of samples is ∼10 mm).

Fig. 7. Flame attack test and the corresponding thermal insulating images. Optical and infrared images of (a) pure SA, (b) FGSA-1.0 and (c) FGSA-2.0 samples after being
exposed in the blowtorch ﬂame for 5 s (The ﬂame temperature is ∼1300 °C).

[58,59]. Consequently, a synergistic strategy was obtained through
the combination of a compact nano-silica and FGO sheet to effectively suppress the oxygen transport and thus restrict the thermal decomposition of the internal silicone skeleton [33,46,60-62],
producing a green affordable method for fabrication of mechanically ﬂexible, ﬂame-retardant and thermal insulating silicone aerogel composites.

3.6. Thermal insulation performance and oil/water separation
Owing to superior ﬂame resistance, porous structure, large-scale
manufacturing and lightweight, the FGSA composites are attractive
for thermal insulation [63]. The thermal insulating performance of
the FGSA composites and commercial hydrocarbon polymer foam
materials were conducted. As shown in Fig. 6(a-i), 1.0 cm thick
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Fig. 8. Wetting properties and oil/water separation of FSGA samples. (a) Photos of water and oil droplets on the surface of FGSA-2.0 and (b) the sample upon immersion
in water. (c) Water contact angles of pure SA and FGSA-2.0 samples. (d) Images of n-hexane/water separation stability of the FGSA-2.0 sample; (e) Absorption capacities of
FGSA-2.0 for various organic solvents and oils. (f) Comparison of n-hexane absorption stability performance for pure SA and FGSA-2.0 samples.

plates made of PE foam, PU foam, pure SA and FGSA-2.0 samples
were placed on a 200 °C heating stage, respectively. Accompanied
with the passage of heating time, traditional insulating polymer
foam materials display poor thermal insulation even losing primitive mechanical property and structure stability. Typically, the PE
foam was not able to withstand the heating at 200 °C, and it gradually melted about 10 s and eventually shrunk to a mass of pungent odor after 60 s. Similarly, for the PU foam, the heat immediately diffused the whole network and transferred to the top surface within 10 s, and the middle part reached above 100 °C (see
Fig. 6(a-ii)), although the foam maintained the overall appearance.
Comparatively, the high packing density of both pure SA and FGSA2.0 samples exhibited excellent thermal insulating and structure
integrity due to the high gas barrier resistance (against oxygen)
under high temperature [29]. As show in the Fig. 6(b, c), a low
gradient distribution and slow spread of high temperature were almost same for both the FGSA-2.0 and pure SA. The top surface of
the FGSA-2.0 (10 mm thick) turned dark the 200 °C heating stage
treatment for 90 s, indicating the lower temperature area nearby

R.T and thermal insulating property. Notably, the FGSA-2.0 sample
not only reveals the excellent thermal insulation ability when compared with pure SA, but also demonstrates preeminent potential in
defending ﬂame ﬁeld as described above.
The butane blowtorch combustion measurements (ﬁre temperature at ∼1300 °C) and the infrared thermal imager were further
investigated to assess the internal temperature distribution under
ﬂame attacking. As excepted, pure SA with a diameter of approximately 15 mm and a thickness of ∼10.0 mm was not able to
sustain the butane blowtorch ﬂame attack and reached an ultrahigh temperature (>670 °C) at far away ﬂame side, destroying the
whole skeleton structure (Fig. 7(a) and Movie S1). The presence
of the FGO improved the structure stability and thermal insulating under the ﬂame attacking signiﬁcantly, although the FGSA-1.0
sample with the same thickness of ∼10.0 mm still showed obvious structure rupture after 60 s ﬂame (Fig. 7(b) and Movie S2). As
shown in Fig. 7(c), the FGSA-2.0 sample with a diameter of approximately 15 mm and a thickness of ∼6.5 mm displayed a lower temperature range of 31–40 °C at the far end of the sample even un140
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der the butane blowtorch ﬂame attacking, maintaining the structure integrity and demonstrating the promising thermal insulation
(Movie S3). Clearly, beneﬁting from the simplicity of simple roomtemperature fabricating process and excellent ﬂame resistance as
well as wide-temperature mechanical ﬂexibility, the FGSA-2.0 samples are promising as the eﬃcient ﬁre safety and energy-saving
materials for thermal insulation application.
Finally, the wetting properties and adsorption capability of the developed materials were assessed. Different from the silicone aerogel, the FGSA-2 sample featured a relatively higher surface roughness due to its inner network construction transformation. As displayed in Fig. 8(a), an oil droplet
was immediately adsorbed by the FGSA-2.0 sample, whereas a
spherical water droplet formed on the same sample surface owing
to super-hydrophobicity. Fig. 8(b) shows that the FGSA-2.0 sample
with low density of ∼0.135 g/cm3 can keep a ﬂoating state on the
water without external force. And once forcibly immersing into
water, some of small bubbles were observed to be trapped around
surface, revealing a silver mirror phenomenon [64]. Besides, a
water droplet contact experiment was detected; the result shows
the enhancement of water contact angle from 135.1° for pure SA to
153.3° for FGSA-2.0 sample, further conﬁrming preeminent superhydrophobic performance (Fig. 8(c)), which should be attributed to
the increased surface roughness and lower surface energy [65–67].
Hence, the FGSA-2.0 samples with the outstanding water repellence along with enhanced chemical stability hold great promise
for recyclable oil/water separation process. As shown in Fig. 8(d),
a cylinder shaped sample of the FGSA-2.0 sample could be used
to adsorb different density oil (h-hexane dye with Sudan III),
and they could also absorb and separate n-hexane dyed Sudan III
from water by simply repeating absorption and squeezing process.
To further evaluate the oil/water separation ability, various organic liquids such as n-hexane, gasoline, acetone, ethanol, xylene,
dichloromethane and chloroform were investigated. The results
clearly show that the \FGSA can quickly absorb various organic
solvents and oils with relatively high absorption capacity, and the
latter depends on the density of the organic compounds (Fig. 8(e)).
In addition, the oil absorption ability of the FGSA-2.0 sample was
stable and remained in the range of 650–720% for n-hexane after
repeated oil absorption/desorption cycles (Fig. 8(f)), whereas the
oil absorption capacity of pure SA aerogel was only in the range
of 580–620%. The above results suggest that the FGSA-2.0 sample
show potential application for eﬃcient oil/water separation.

and the silicone molecules were analyzed and clariﬁed. Clearly,
the lightweight, wide-temperature mechanically ﬂexible, superhydrophobic and ﬂame-retardant FGO/silicone composite aerogels
prepared in this work show potential applications in the energysaving and oil/water separation ﬁelds under complicated situations.
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