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sheets or nanoribbons were assembled onto the SiRF foam surface via a facile strategy.
• GO
GO derivatives were well covered and bonded onto the foam skeleton at only 0.10 wt%.
• Two
GO derivatives improved mechanical property and ﬂame resistance signiﬁcantly.
• Ultra-low
showed lower reinforcing/ﬂame-retardant eﬀects than the corresponding GO sheets.
• GONRs
• The synergistic ﬂame-retardant mechanisms and their diﬀerence were discussed and clariﬁed.
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Lightweight polydimethylsiloxane (PDMS) foam materials with outstanding mechanical ﬂexibility and hightemperature stability as well as excellent ﬂame resistance are attractive for various potential applications.
However, incorporation of conventional ﬂame retardants needs high ﬁlling content and usually induces compromise of other important performance, limiting their practical application signiﬁcantly. In addition, the
problems of complicated procedure and environmental pollution of the traditional processing are imperative but
challenging. Here, we report a facile and green in-situ surface-assembly approach to construct two types of
graphene oxide (GO) derivative (i.e. sheet and nanoribbon) coatings bonded onto the PDMS foam surface and
investigate their discrepancies in thermal and mechanical and ﬂame-retardant properties of the two nanocomposite systems. Interestingly, surface-assembling ultralow loading (≤0.10 wt%) of two GO derivatives can
produce signiﬁcant improvements in thermal stability and ﬂame retardancy of the PDMS foam without aﬀecting
its density and elasticity. Typically, ~31% and ~40% reduction in peak heat release rate and ~80% and ~95%
improvement in total smoke release were achieved for 0.10 wt% GONR and GO sheet, respectively. Based on the
burnt surface zone observation and analysis, the synergistic ﬂame-retardant mechanisms and their diﬀerences
between the PDMS molecules and two GO derivatives were discussed and clariﬁed. This work provides a new
understanding for design and development of green and large-scale fabrication of ﬂame retardant PDMS foam
nanocomposite materials.
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(e.g. < 1.0 wt%), and thus achieve an ideal ﬂame resistance and improved thermal stability. However, the structure and morphology of GO
derivatives on inﬂuencing the mechanical, thermal and ﬂame-retardant
properties of the SiRF materials remain an important question. Herein,
we synthesized two types of GO derivatives (i.e. GO sheets and GO
nano-ribbons) to prepare the SiRF nanocomposites via a facile and
green in-situ surface-assembly strategy, and investigate their structure,
morphology and performance of these two SiRF systems. Discrepancies
in the thermal and mechanical properties and ﬂame retardancy of the
two nanocomposites with diﬀerent structure and size of GO derivatives
were examined at an ultralow ﬁlling loading (0–0.10 wt%). Moreover,
the ﬂame-retardant mechanisms were also discussed based on the microscopic morphologies of these two SiRF nanocomposites studied.

1. Introduction
Polydimethylsiloxane (PDMS) foam material, as a new member of
the large family of porous polymeric foam materials, has attracted
considerable academic and industrial attentions during the past few
years [1]. The Si-O-Si backbone with high bonding energy endows the
PDMS foam with intriguing properties, such as excellent mechanical
ﬂexibility, non-toxicity, electrical resistance, and high-temperature
stability [2]. Owing to the unique porous structure and outstanding
physical properties, such silicone rubber foams (SiRFs) have drawn
much interest in wide range of applications, e.g. adsorbents, oil/water
separators, ﬂexible conductors, sensors, biomedical scaﬀolds and
structural materials [3–9]. However, the lateral organic groups of
PDMS molecules make them unstable and ﬂammable when exposing to
high-temperature situation or ﬂame attack [10,11], which limits their
practical applications greatly.
To improve the ﬂame-retardant property of the PDMS elastomers,
traditional approaches are to modify PDMS chains with phosphorus/
nitrogen compound or incorporate ﬂame retardants (e.g. clay and
carbon nano-ﬁllers) via condensed-phase and gas-phase activities [12].
The former involves their interference in the combustion reaction of the
polymer volatile pyrolysis products, which interrupts the radical reactions of the combustion process and thus eventually suppresses the feed
of combustible gases to the ﬂame. While the later involves that ﬂameretardant additives form a protective char layer on the surface, which
inhibits ﬂammable volatiles from diﬀusing to the ﬂame and thus shield
the PDMS chains from heat and oxygen eﬀectively. To achieve eﬀective
condensed-phase and gas-phase functions, a relatively high loading of
ﬂame-retardant additives is usually needed [13–17], but this simultaneously results in a compromise between ﬂame resistance and other
important properties (e.g. density, thermal stability and mechanical
ﬂexibility). Moreover, environment and production concerns are
leading to progressive phasing out of eﬀective halogen-based ﬁre retardants and complicated processing technique, ensuring a satisfactory
ﬁre hazard control and scalable-up production [18].
The other surface coating technique, e.g. layer-by-layer (LbL) assembling multi-layered 2D nano-ﬁller coatings (e.g. > 100 nm thickness) onto the foam skeleton [19–23], has been developed to inhibit the
endothermic pyrolysis and exothermic reaction of the SiRF foams.
Nano-ﬁller based coatings have been developed to modify the SiRF
materials, resulting in enhanced ﬂame-retardant resistance and thermal
stability [24]. Moreover, such nano-ﬁller coating (e.g. graphene) even
endows the SiRF materials with multiple functionalities [4,24–27],
expanding their potential applications. Unfortunately, additional high
content (e.g. 2–20 wt% [24]) of these multi-layered coatings and the
complicated repeated processing are still undesirable. More importantly, the interfacial interactions between the multi-layered coatings and their adhesion with the foam surface should be paid more
attention; otherwise the coating may be peeled oﬀ during the fabricating process. Furthermore, the structural stability and ﬂame-retardant reliability of the surface coating on the SiRFs under severe
compression and environmental conditions are still unclear. Therefore,
it remains a challenge to fabricate lightweight, mechanically ﬂexible
and ﬂame-retardant SiRF materials via constructing a ﬂame-retardant
nano-ﬁller coating that is well bonded with the foam skeleton and enables scalable production.
Due to the high speciﬁc surface area and mono-layer atomic
thickness of two-dimensional (2D) graphene oxide (GO) sheets, our
previous work demonstrated that the combined use of GO and silicone
resin produced a synergistic ﬂame-retardant eﬀect on the combustible
polymeric foam materials [21]. The thermal decomposition of highly
cross-linked silicone molecules transforms into porous nano-silica protective layer to inhibit the thermal degradation of GO sheets and thus
induces the formation of multi-scale nano-silica/rGO protective char on
the foam skeleton [21]. With this inspiration, it is promising to construct the GO coating bonded on the SiRF surface at ultra-low fractions

2. Experimental
2.1. Materials
Vinyl dimethicone (PDMS-Vi, ~0.6 wt%), dihydroxy PDMS (PDMSOH) and hydrogen dimethicone (PDMS-H, 1.0 and 1.6 wt%) with low
viscosity values were supplied by Zhejiang Xinan Chemical Industrial
Group Co., Ltd. (Hangzhou, China). Karstedt’s catalyst-diluted with the
concentration of 3000 ppm was supplied by Betely Polymer Materials
Co., Ltd. Natural graphite powder and multi-wall carbon nanotubes
(MWCNTs) were purchased from Shanghai Yifan graphite Co., Ltd.
(China) and Chengdu Organic Chemicals Co., Ltd. (China), respectively.
Concentrated sulfuric acid (H2SO4, ≥98 wt%) and hydrochloric acid
(HCl, 35 wt%) were purchased from Beijing Chemical Factory. Other
reagents, including potassium permanganate (KMnO4), hydrogen peroxide (H2O2, 30 vol%), potassium persulfate (K2S2O8) and phosphoruspentoxide (P2O5), etc., were obtained by Sinopharm Chemical
Reagent Co., Ltd. (China). All the chemicals were of analytical grade
and no further puriﬁcation before use.
2.2. Preparation of SiRF-GO and SiRF-GONR nanocomposites
GO sheets with large planar size were synthesized by using a
modiﬁed Hummers method via oxidation of natural graphite ﬂakes,
which were introduced in previous works [28–30]. GO nano-ribbon
(GONR) sheets were synthesized by longitudinal unzipping of MWCNTs
according to a previously reported method [31,32]. The GONR and GO
aqueous solutions (at 1–20 mg/mL−1) were prepared after dialyzed in
deionized water to neutral state. The preparation process of pure SiRF,
SiRF-GO and SiRF-GONR nanocomposites comprises the following
steps. First, pre-polymer mixture was prepared by mixing the PDMSOH, PDMS-H, inhibitor and a certain content of water (as foaming
agent, 0.2–1.8 wt%) at a speed of ~1000 rpm for 5 min to obtain a
uniform mixture. Next, the PDMS-Vi and catalyst were then added to
the above pre-polymer mixture and stirred at 800 rpm for 40 s. Subsequently, the above mixture was poured into a mold and foamed at
room temperature for 15 min. Finally, the sample was put into an oven
for further curing at 100 °C for 2 h. Similarly, SiRF nanocomposites
containing ultralow content of GONR or GO were prepared by the
above fabricating procedure, and the GONR or GO aqueous solution at
diﬀerent concentrations were directly used as the foaming agent.
2.3. Characterizations
Fourier transform infrared spectra (FTIR) of various materials and
the SiRF nanocomposites were carried out on a FTIR spectroscopy
(Antaris, Nicolet 7000) in the range of 400–4000 cm−1 using the KBr
pellet technique. X-ray photoelectron spectroscopy (XPS) was used to
identify the elemental compositions with a photoelectron spectrometer
(VG Scientiﬁc ESCALab 220I-XL). The foaming process of liquid prepolymer mixture sample was observed by the optical microscopy
(Nikon Eclipse LV00POL). The morphologies of the samples were
2
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PDMS matrix at ambient temperature. These bubbles can grow or integrate during the foaming process in several minutes (Fig. 1b), thus
forming the porous structure. Meanwhile, this process would produce
the uniformly dispersed GONR or GO layer to in-situ surface-assembly
on the foam skeleton (see the illustration in Fig. 1c, discussed later).
Notably, the presence of GONR or GO aqueous solution produces obvious color change, e.g. from the white color for pure SiRF into the
black or grey color for the SiRF-GONR or SiRF-GO composites
(Fig. 2a–c). Moreover, the pore structures in Fig. 2d–f exhibit obvious
decrease in size and homogenization in morphology after addition of
the GONR or GO; and the average pore size in Fig. 2e–i displays obvious
decrease from about ~510 μm for the pure SiRF to ~270 and ~260 μm
for the SiRF nanocomposites containing 0.10 wt% GONRs and GO
sheets, respectively.
To demonstrate the above surface-assembled GONR and GO layer,
we further examined the surface morphology of the pure SiRF and its
nanocomposites. As expected, the fractured surface of pure SiRF is very
smooth (Fig. 3a), consistent with the previous results [24,34]. Comparatively, the presence of GONR or GO in the foaming agent (water)
produces relatively rough surfaces in Fig. 3b and c; and some GONRs or
GO sheets are visible on the skeleton surface [35], even forming a
compact protective layer on the surface. These phenomena should be
attributed to the in-situ surface-assembly of GONR or GO sheets during
the cross-linking and foaming process, which is well supported by the
SEM-EDS mapping results shown in Figure S1. As is well known, many
functional groups e.g. hydroxyl, carboxyl and epoxy groups are well
attached on the GONR or GO surface after exfoliating the stacked graphite and unzipping carbon nanotubes [36,37], and thus lead to their
uniform dispersion in the water (Fig. 4a and b) [38,39]. As shown in

characterized by scanning electron microscopy (SEM) (Sigma-500,
ZEISS). The compressive characteristics of the samples were tested by a
DMA (TA-Q800) at a strain rate of 2000 μm·min−1. The thermal
properties of the samples were performed using thermogravimetric
analysis (TGA) (TA Instruments Q500), and the samples were scanned
from 35 to 800 °C at a heating rate of 10 °C·min−1 under air atmosphere. The ﬂame-retardant properties of the samples were evaluated
by UL-94 standardized vertical burning tests, the LOI values were
measured using a JF-3 type oxygen index meter in accordance with
ASTM Standard D2863-2009. The combustion behaviors of the samples
(100 mm × 100 mm × 10 mm) were carried out by a cone calorimeter
device (Fire Testing Technology, UK) according to the ISO Method 5660
under a heat ﬂux of 35 kW m−2. The infrared images of the samples
during vertical burning tests were recorded using an infrared camera
(FLIR E60) with a certain range of detection from −20 to 670 °C.
3. Results and discussion
3.1. Fabrication and microstructure
Two types of graphene derivatives i.e. GONR and GO sheets were
used for fabrication of the SiRF nanocomposites. Typically, uniformly
dispersed GONR/water solution and PDMS molecules (i.e. PDMS-H and
PDMS-OH) were mechanically mixed to obtain highly dispersed GONR/
water/PDMS suspension (Fig. 1a); and then the cross-linker and Pt
catalyst were added into the above suspension to prepare the SiRFGONR nanocomposite foam materials [33]. Using TOM, we found that
the black GONR/water solution well dispersed in the PDMS matrix can
react and release the gas to generate obvious bubbles in the transparent

Fig. 1. Fabrication process and schematic illustration of silicone rubber foam (SiRF) nanocomposites. (a) Digital images of the fabricating process of the GONR coated
SiRF at ambient temperature. (b) Optical microscopy image of GONR/water/PDMS mixture before and during foaming process (transparent PDMS phase and black
GONR-based suspension). (c) Schematic illustration of GONR/water foaming PDMS processes, showing the formation of GONR layer on the SiRF skeleton.
3
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Fig. 2. Structural characterization and analysis of various SiRF samples. Digital images of (a) pure SiRF and (b) SiRF-GONR 0.10% and (c) SiRF-GO 0.10%. Typical
SEM images and pore size distribution of (d and g) pure SiRF and (e, h) SiRF-GONR 0.10% and (f, i) SiRF-GO 0.10%, indicating decreased pore size after addition of
GONR or GO sheets.

Fig. 3. Typical SEM images of various SiRF samples at diﬀerent magniﬁcations: (a) pure SiRF, (b) SiRF-GONR0.10% and (c) SiRF-GO0.10% nanocomposites prepared
by the in-situ reactive self-assembly strategy.
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Fig. 4. Morphology and structure of GONR and GO sheets. Typical digital images, SEM and TEM images of (a, c and e) GO and (b, d and f) GONR (Inset in f is TEM
image of pristine CNT), showing diﬀerent aspect ratio and structure. (g) TGA and (h) XPS results of the GONR and GO sheets.

skeleton would be helpful for improving the mechanical, thermal and
ﬂame resistance of the SiRF, which will be discussed in the following
sections.

Fig. 4c–f, the structure and width of these two graphene derivatives are
quite diﬀerent: ~150 nm width and several micrometers for GONRs
and large planar size with 6–20 μm for GO sheets. While the content of
oxide groups of these two ﬁllers are almost same obtained from the TGA
results (see Fig. 4g). XPS results further demonstrate this. Two characteristic peaks at C1s (~285.0 eV) and O1s (~533.0 eV) can be clearly
observed for these two types of graphene derivatives in Fig. 4h, and the
C/O ratios are almost same, i.e. ~2.0 and ~2.3 for GONR and GO sheet,
respectively.
It is well established that under Pt catalyst the PDMS-H molecules
cross-links with PDMS-Vi to form ﬂexible foam skeleton via hydrogenation reaction at ambient temperature (see i in Fig. 5a) [40].
Meanwhile, the PDMS-H molecules can react with the PDMS-OH molecules and/or water to generate the hydrogen gas and thus produce the
porous structure of SiRF materials (see ii and iii in Fig. 5a) [41,42]. For
the hydrophilic GONR or GO sheets that are uniformly dispersed in
aqueous solution, they hardly migrate into the PDMS matrix, supported
by the optical microscopy images in Fig. 1b. Further, during the above
cross-linking and foaming reactions, the hydroxyl groups of GONR or
GO would also react with the PDMS-H or PDMS-OH to produce strong
interfacial interface between graphene derivatives and the PDMS matrix [32,43]. The formation of the strong interface can produce the good
structural stability of the SiRF-GONR and SiRF-GO nanocomposite
materials in various solvents with diﬀerent pH values (Figure S2). FTIR
results can provide more information. As shown in Fig. 5b and c, the GO
and GONR show similar functional groups, e.g. –OH at ~3420 cm−1
C=O at 1720 cm−1 and C–OH at ~1040 cm−1, respectively. Compared
with the PDMS-H molecules, the disappearance of Si–H at ~2160 cm−1
and the appearance of Si–O–C at ~ 1080 cm−1 indicate the eﬀective
bonding between PDMS-H and GO sheets after the foaming reactions.
Moreover, the disappearance of –OH at ~3420 cm−1 and C–O–C at
1043 cm−1 also suggests the successful reactions. The formation of
strong interface of the GONR or GO layer with the matrix on the foam

3.2. Mechanical and thermal properties
Fig. 6 shows mechanical and thermal properties of the SiRF nanocomposites containing 0–0.10 wt% self-assembled GONR and GO sheet,
respectively. As shown in Fig. 6a, uniaxial compressive tests exhibit
obvious improvements in the maximum stress values at strain = 60%
after assembling ultralow contents of GONR or GO in comparison with
that of pure SiRF materials. The maximum stress values of the SiRF
nanocomposites are strongly dependent on the content and type of the
graphene derivatives. Normally, the higher content of GONR or GO
produces much higher value in the maximum stress; and the SiRF-GO
has much higher maximum stress values than the corresponding SiRFGONR at strain = 60%, e.g. ~9.1 kPa for the SiRF-GONR0.10% and
~11.0 kPa for the SiRF-GO0.10%, which is superior to that of pure SiRF
with ~4.5 kPa. Considering the fact that similar composition and processing conditions were employed for fabricating these samples, the
enhanced stress values at the ﬁxed strain would be attributed to the
formation of the GONR or GO layer on the skeleton surface (as illustrated in Fig. 6b) and the diﬀerence of the pore size (see Fig. 2). Of
course, it is still diﬃcult to clarify this at this stage, and more work is
still needed.
Considering the uniform dispersion of GO derivatives in water and
their high speciﬁc surface area, it is reasonable to deduce the critical
content for constructing ideal mono-layer GO layer if the total surface
area of GO sheets is comparable to the total surface area of the porous
structure of the SiRF-GO. The theoretical model of the GO content of
XC = 3ρGO tGO (1/ ρc − 1/ ρm )/ Ra is ~ 0.006 wt% (ρGO, ρm and ρc is the
density of the GO, the SiRF matrix and the composites, respectively;
while tGO and Ra is the thickness of GO and the pore size of the
5
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Fig. 5. (a) Schematic illustration of cross-linking and foaming reactions for preparation of PDMS nanocomposites via in-situ reactive self-assembly of GO or GONR
sheets: (i) cross-linking reaction, (ii and iii) typical foaming reactions and (iv) condensation reaction between PDMS-H and GONR or GO. FTIR results of PDMS-H and
PDMS nanocomaposites containing two types of graphene derivatives: (b) GO and (c) GONR.

than the content of 0.10 wt% GO derivatives ﬁlled in the composites,
indicating the eﬀective protection the GO or GONR layer on the foam
surface at high temperature, although the degradation temperatures at
the peak of DTG curves of the nanocomposites display almost unchanged when compared with that of pure SiRF (Fig. 6d). These above
results suggest that the presence of in-situ surface-assembled GONR or
GO sheet can improve the thermal stability of SiRF eﬀectively. Our
previous work discloses that the thermal degradation of PDMS molecules would transform into silica nanoparticles and thus promotes the
graphitization of graphene derivatives [21]. Consequently, the formation of a compact layer of GONR or GO bonded on the PDMS matrix at
ultralow content can inhibit the inside polymer chains to degrade at
high temperature atmosphere. The combustion behavior of the two
SiRF nanocomposites will provide more detail information and will be
discussed in the following sections.

composites, respectively. The details are not given here). Therefore, the
presence of ~0.10 wt% GO sheets produces a compact layer on the
foam surface, as indicated in Fig. 3c. Comparatively, although the
GONR is uniformly dispersed in water as shown in Fig. 4b, the inevitably stacked structure and narrow width of GONR in Fig. 4d and f
would hardly lead to a compact network/(i.e, protective layer) on the
skeleton, as indicated in Fig. 3b. The above diﬀerences likely induce the
discrepancy of the maximum stress values at strain = 60% observed in
the SiRF-GONR and SiRF-GO nanocomposites.
TGA and DTG curves of pure SiRF and SiRF nanocomposites containing 0.10 wt% GO derivatives under air atmosphere from room
temperature to 750 °C were shown in Fig. 6c and d. Pure SiRF starts to
degrade at about 343 °C due to the thermal pyrolysis of pendant groups
[24], and keeps stable weight residue above 600 °C. It can be clearly
seen that incorporation of two types of graphene derivatives at only
0.10 wt% GONR and GO enhances the thermal stabilization of SiRF
signiﬁcantly; for example the decomposition temperature at 5 wt%
weight loss of SiRF improves by about 10 and 15 °C (see Fig. 6c), respectively. Moreover, the residual weight at 750 °C of SiRF is also enhanced after addition of GONR and GO, e.g. from 63.4 wt% for pure
SiRF to 69.2 wt% and 71.1 wt% for SiRF-GONR0.10% and SiRFGO0.10%, respectively. The improved residual weight is much higher

3.3. Comparison of combustion behavior
Fig. 7 shows the vertical burning test of pure SiRF and the corresponding thermographic images. As expected, when exposing in an
alcohol blast burner of about 1300 °C for 10 s, pure SiRF can be easily
ignited due to the low ignition temperature of the PDMS molecules with
6
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Fig. 6. Mechanical and thermal properties of various SiRF samples. (a) Compressive stress–strain curves at strain = 60% and (b) schematic of the structural
evaluation during the compressive process. (c) TGA and (d) DTG curves under air atmosphere from room temperature to 750 °C.

pure SiRF displays obvious temperature increase throughout the whole
sample once being ignited, and the sample can keep the high temperature after removing the ﬂame source due to the continuous heat
release of the degraded PDMS molecules (Fig. 7b). Comparatively, the
presence of in-situ surface-assembled GONR or GO layer at 0.10 wt%

abundant of methyl groups [2]. Normally, the endothermic pyrolysis of
SiRF materials produces vaporization of decomposed products and releases the eﬀective heat ﬂux, thus leading to rapid ﬂame spread and
continuous burning for a long time until the sample is completely
combusted (Fig. 7a). The corresponding thermographic image of the

Fig. 7. Burning process of pure SiRF sample. (a) Vertical burning tests (UL94) and (b) the corresponding thermographic images, showing rapid ﬂame spread and
ﬁnally causing structural damage in 150 s.
7
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Fig. 8. Burning process of SiRF nanocomposites containing low content of GONR or GO. Vertical burning tests (UL94) and the corresponding thermographic images
of (a and b) SiRF-GONR0.10% and (c and d) SiRF-GO0.10%, showing rapid self-extinguishing and excellent structural integrity after the ﬂame attack.

can signiﬁcantly reduce the combustion behavior of SiRF. First, as
shown in Fig. 8a and c, the structural integrity of SiRF can be well kept
without changing the sample’s shape, and the ﬂame shows rapid selfextinguishing phenomenon and no continuous combustion behaviors
are observed. Second, the thermographic images of the two SiRF nanocomposite samples exhibit gradual decrease in the temperature after
removing the ﬂame (Fig. 8b and d), showing excellent ﬂame resistance
at such a low content. Third, careful observation suggests that at a ﬁxed
content the SiRF-GO0.10% displays lower ﬂame height and rapider selfextinguishing time than the SiRF-GONR0.10%, although they can keep
their structural integrity after the ﬂame attack. These above combustion
behaviors demonstrate that the excellent ﬂame resistance of the SiRF
can be achieved at ultralow content of GONR or GO sheet via the in-situ
surface-assembly strategy.
To demonstrate the above improved ﬂame retardancy, the limited
oxygen index (LOI) values of various samples were measured and
shown in Fig. 9. Clearly, the presence of ultralow content of GONR or
GO produces dramatic increase in the LOI value of SiRF without obviously altering its low density (0.21–0.23 g/cm3 for all samples, see
Table S1), and the higher ﬁller content produces much higher LOI values. For example, compared with the low LOI value of ~20.8% for pure
SiRF, the SiRF-GONR0.10% and SiRF-GO0.10% nanocomposite samples
have 26.7% and 27.4%, respectively. To further illustrate the above
improved LOI values, the combustion processes of pure SiRF, SiRF-

Fig. 9. Limited oxygen index (LOI) values of pure SiRF, SiRF-GONR and SiRFGO nanocomposites at low ﬁlling contents of 0.05–0.10 wt%.
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Fig. 10. Typical digital images of diﬀerent SiRF samples at a ﬁxed oxygen concentration of 27% in the container: (a) Pure SiRF, (b) SiRF-GONR0.10% and (c) SiRFGO0.10% prepared by the in-situ reactive self-assembly approach.

GONR0.10% and SiRF-GO0.10% samples at a ﬁxed oxygen concentration of 27% in the container were observed and shown in Fig. 10. Pure
SiRF can be easily ignited, and the ﬂame can rapidly spread to the
bottom of the sample in 30 s. The thermal degradation of PDMS molecules can initiate the endothermic pyrolysis and release some smoke
products; and the continuous combustion ﬁnally induce the structural
damage (Fig. 10a). It should be noted that both GONR and GO sheets
are ﬂammable and they can be completely burned when being exposed
on a ﬂame (Figure S3) [44]. In contrast, the SiRF-GONR0.10% nanocomposite sample shows similar combustion behavior (see Fig. 10b),
although the ﬂame height and smoke product seem to be much less than
those of the pure SiRF and the structural shape can be ﬁnally kept.
Comparatively, the same low content of 0.10 wt% GO sheet can improve ﬂame resistance of SiRF greatly, and the ﬂame does not spread
and shows rapid self-extinguishing phenomenon in 30 s (Fig. 10c and
Table S1). The combustion behaviors of the three samples at oxygen
concentration of 27% do agree well with the LOI values shown in Fig. 9.
The above ﬁndings demonstrate that the presence of 0.10 wt% GONR or
GO via the in-situ surface-assembly can produce excellent and synergistic ﬂame-retardant eﬀect in the SiRF materials.

respectively (Fig. 11a). The total heat release (THR) of the two SiRF
nanocomposites in Fig. 11b also presents lower values than that of pure
SiRF. Further, estimates of the total smoke release (TSR) and weight
loss have also been obtained in Fig. 11c and d. The results conﬁrm that
the presence of GONR or GO sheets produces dramatic decrease in both
the TSR and weight loss of SiRF, indicating the improved ﬂame resistance. Notably, at the ultralow content of 0.10 wt%, the TSR values
can be reduced by ~80% and 95% at 750 s for the GONR and GO (Table
S2), respectively, demonstrating that the formation of GONR or GO
layer on the skeleton surface is eﬀective to inhibit the smoke product
yield during the burning process. The GONR and GO layers also produce increased residual weight at 750 s, e.g. 73.9% and 79.8% compared with 54.2% for pure SiRF (Table S2). Moreover, careful observations suggest that the SiRF-GO0.10% sample presents better ﬂame
retardancy than the SiRF-GONR0.10% sample, consistent with the improved thermal stability and LOI values. The residual images of the
three samples after the cone calorimetry tests are shown in Fig. 11e–g.
Interestingly, the residual heights of the char display a certain decrease
after addition of GONR or GO sheet, suggesting their diﬀerent combustion behavior in the burning process, which will be discussed in the
following section.
To further understand the ﬂame-retardant mechanisms and their
diﬀerence between the SiRF-GONR and SiRF-GO composites, the surface morphology and structure of the three samples after the burning
tests were examined and shown in Fig. 12. During the combustion
process, the thermal degradation of the PDMS molecules involves in the
decomposition of organic side groups and depolymerization of Si-O
backbone, releasing some silicone oligomers around the sample surface

3.4. Flame-retardant performance and mechanism analysis
Cone calorimetry tests of various SiRF samples were further conducted to demonstrate the improved ﬂame resistance and the results are
shown in Fig. 11. The peak heat release rate (pHRR) of SiRF materials
shows obvious reduction after addition of ultralow content of graphene
derivatives, e.g. ~31% and ~40% for 0.10 wt% GONR and GO sheets,
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Fig. 11. Cone calorimetry tests and results of various SiRF samples. (a) Heat release rate (HRR), (b) total heat release (THR), (c) total smoke rate (TSR) and (d) mass
as a function of time. Residual photographs of (e) pure SiRF, (f) SiRF-GONR0.10% and (g) SiRF-GO0.10% after the tests.

[2]. In the ﬂame zone with high temperature, these oligomers would
cross-link and re-deposit onto the surface and thus form the porous
structure [45], as indicated in Fig. 12a and d. Similar phenomena were
also observed in other silicone based materials reported in the previous
work [46]. Unfortunately, such porous structure after the combustion of
linear PDMS molecules hardly restricts the heat and oxygen to attack
the inside molecules (see i in Fig. 12g) [47], thus inducing the structural damage in Fig. 7. Interestingly, introducing the GONR or GO
sheets bonded on the skeleton surface can produce compact and solid
nano-silica/sheet layers on the sample surface after the burning test, as
indicated in Fig. 12b–f. Upon the ﬂame, the GONR or GO coating
bonded the foam surface would thermally degrade [48], and the
thermal decomposition of PDMS molecules would release silicone oligomers to react with the GONR or GO sheets and thus promote their
graphitization [21,43,48], thus producing a compact and solid nanosilica/sheet protective layer on the foam surface (see ii and iii in
Fig. 12g). Notably, such multi-scale nano-silica/sheet protective layers
work as eﬃcient barrier to inhibit the heat and oxygen eﬀectively; and,
consequently, the signiﬁcantly improved ﬂame resistance was
achieved. Careful observations suggest that the GO layer on the skeleton surface induces much more compact nano-silica coating than the
GONR layer, which is consistent well with the surface structures in

Fig. 3. The partly covered GONR coating can partly restrict the thermal
decomposition of the PDMS molecules, while the well-covered GO
coating can yield a compact nano-silica/rGO layer to inhibit the
thermal transmission. As a result, it is reasonable to obtain the diﬀerent
surface morphology and structure after the burning tests, as shown in
Fig. 12e and f. The above ﬁndings indicate that the in-situ surface-assembly strategy of GONRs or GO sheets in the SiRF materials developed
in this work is indeed facile and environmentally-friendly without affecting other desirable performance (e.g. mechanical property and
density), showing promising for design and development of lightweight, mechanically ﬂexible and ﬂame-retardant SiRF composite materials.
Based on the above density, mechanical and ﬂame-retardant properties of the SiRF nanocomposites, we compare the processing condition, density, LOI value, UL94 ﬂame grade and pHRR of various SiRF
composite systems [10,13,16,24,49,50], as shown in Table 1. First, the
in-situ surface assembly technique developed in this work is extremely
simple and environmentally-friendly and does not need any solvents,
showing obvious advantage when compared with the traditional mechanically mixing and LbL assembly methods (involve in solvents to
disperse ﬂame retardants and complicated process). Second, the use of
conventional ﬂame retardants (e.g. zinc borate, magnesium hydroxide,
10
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Fig. 12. Flame-retardant mechanism analysis. Surface SEM images of (a and d) pure SiRF, (b and e) SiRF-GONR0.10% and (c and f) SiRF-GO0.10% after the burning
test. (g) Schematic of ﬂame-resistant mechanism for the three SiRF samples: (i) pure SiRF, (ii) SiRF-GONR0.10% and (iii) SiRF-GO0.10% nanocomposites.

Table 1
Comparison of material information, density and ﬂame-retardant properties of our SiRF-GO and other SiRF material systems.
Filler type and content (wt%)

MH (11)
MH: ZB (11)
FGS (0.10)
FGS (0.25)
CNT (0.1)
CNT (0.5)
Melamine (10)
Melamine/GT (20)
Lignin (25)
Lignin (41)
CH/APP (7.5)
CH/MMT (13.2)
F-GO (0.5)
F-GO (5.0)
GONR (0.1)
GO sheet (0.1)

a

Processing condition of SiRF composites

Density (g/cm3)
(Composite/Matrix)

LOI value (%)
(Composite/Matrix)

UL 94 grade

pHRR (kW/m2)
(Composite/Matrix)

Ref.

Mechanical mixing, foaming at R.T.

0.660 / 0.480
0.650 / 0.480
0.278 / 0.197
0.291 / 0.197
0.258 / 0.197
0.291/ 0.197
0.320 / 0.280
0.360 / 0.280
0.650 / 0.810
0.600 / 0.810
0.194 / 0.180
0.204 / 0.180
NM b
NM
0.224/0.214
0.228/0.214

NM
NM
NM
NM
22.0 / 20.5
27.1 / 20.5
25.7 / 21.3
41.1 / 21.3
NM
NM
24.8 / 20.2
25.7 / 20.2
23.4 / 22.0
27.6 / 22.0
26.7/20.8
27.4/20.8

NM
NM
NM
NM
NC c
V2
V1
V0
NC
NC
NM
NM
NM
NM
V1
V0

78/74
84/74
NM
NM
NM
NM
NM
NM
NM
NM
~195/~209
~150/~209
~186/~241
~122/~241
~103/~150
~89/~150

[50]

Stirring in ethanol, foaming at R.T.
Stirring in ethanol, foaming at R.T.
Mechanical mixing, foaming at R.T.
Mechanical mixing, foaming at 90 °C
LbL assembly, 21 repetitive bilayer
Mechanical mixing, solvent used
In-situ surface assembly, no solvent used

[34]
[10]
[49]
[13]
[24]
[16]
This work

a
MH: magnesium hydroxide; ZB: zinc borate; FGS: functionalized graphene sheet; GT: graphite; CH: chitosan; APP: ammonium polyphosphate; MMT: montmorillonite; F-GO: functionalized GO; b NM: not mentioned; c NC: not classiﬁed.
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Appendix A. Supplementary data

graphite, melamine, and hydroxide aluminum, see Figure S4) and nanoﬁllers (e.g. functionalized graphene or GO, CNT, etc.) inevitably induces undesirable impact on other important properties (e.g. density
and mechanical ﬂexibility of SiRF composites (Figure S5). Notably,
addition of ultra-low content of GONR or GO in this work has little
inﬂuence on the density and mechanical performance of the composites. More importantly, the SiRF composites containing in-situ surfaceassembled GONRs or GO sheets at ultra-low content show excellent
ﬂame retardant properties (e.g. LOI and pHRR) in comparison with the
conventional composites with high content of ﬂame retardants (Figure
S6) or nano-ﬁllers (Table 1). Although we do know that the physical
properties depend on many factors (e.g. molecular weight, composition
and ratio of PDMS-H, PDMS-Vi and PDMS-OH, catalyst content/type,
processing temperature, etc.), the signiﬁcance of these results consists
in the fact that the in-situ surface assembly of ultra-low content of
GONRs or GO sheets is indeed an eﬀective strategy to improve the
ﬂame resistance of the SiRF composites without signiﬁcantly altering
other important performance.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cej.2020.124724.
References
[1] D. Zhu, S. Handschuh-Wang, X. Zhou, Recent progress in fabrication and application of polydimethylsiloxane sponges, J. Mater. Chem. A 5 (2017) 16467–16497.
[2] S. Hamdani, C. Longuet, D. Perrin, J.M. Lopez-Cuesta, F. Ganachaud, Flame retardancy of silicone-based materials, Polym. Degrad. Stab. 94 (2009) 465–495.
[3] X. Zhao, L. Li, B. Li, J. Zhang, A. Wang, Durable superhydrophobic/superoleophilic
PDMS sponges and their applications in selective oil absorption and in plugging oil
leakages, J. Mater. Chem. A 2 (2014) 18281–18287.
[4] N. Luo, Y. Huang, J. Liu, S.C. Chen, C.P. Wong, N. Zhao, Hollow-structured graphene-silicone-composite-based piezoresistive sensors: decoupled property tuning
and bending reliability, Adv. Mater. 29 (2017) 1702675.
[5] A. Turco, E. Primiceri, M. Frigione, G. Maruccio, C. Malitesta, An innovative, fast
and facile soft-template approach for the fabrication of porous PDMS for oil–water
separation, J. Mater. Chem. A 5 (2017) 23785–23793.
[6] H. Wang, R. Liu, C. Yang, Q. Hao, X. Wang, K. Gong, J. Wu, Y. Hu, Z. Li, J. Jiang,
Smart and designable graphene-SiO2 nanocomposites with multifunctional applications in silicone elastomers and polyaniline supercapacitors, RSC Adv. 7 (2017)
11478–11490.
[7] A. Abbad, K. Jaboviste, M. Ouisse, N. Dauchez, Acoustic performances of silicone
foams for sound absorption, J. Cell. Plastics 54 (2018) 651–670.
[8] Q. Chen, J. Zhao, J. Ren, L. Rong, P.-F. Cao, R.C. Advincula, 3D printed multifunctional, hyperelastic silicone rubber foam, Adv. Funct. Mater. 29 (2019)
201900469.
[9] J.H. Shin, J.-H. Heo, S. Jeon, J.H. Park, S. Kim, H.-W. Kang, Bio-inspired hollow
PDMS sponge for enhanced oil–water separation, J. Hazard. Mater. 365 (2019)
494–501.
[10] R. Verdejo, F. Barroso-Bujans, M.A. Rodriguez-Perez, J.A. de Saja, M. Arroyo,
M.A. Lopez-Manchado, Carbon nanotubes provide self-extinguishing grade to silicone-based foams, J. Mater. Chem. 18 (2008) 3933–3939.
[11] H. Xu, L.-X. Gong, X. Wang, L. Zhao, Y.-B. Pei, G. Wang, Y.-J. Liu, L.-B. Wu, J.X. Jiang, L.-C. Tang, Inﬂuence of processing conditions on dispersion, electrical and
mechanical properties of graphene-ﬁlled-silicone rubber composites, Compos. Part.
A. 91 (2016) 53–64.
[12] X. Wang, E.N. Kalali, J.-T. Wan, D.-Y. Wang, Carbon-family materials for ﬂame
retardant polymeric materials, Prog. Polym. Sci. 69 (2017) 22–46.
[13] J. Zhang, E. Fleury, Y. Chen, M.A. Brook, Flame retardant lignin-based silicone
composites, RSC Adv. 5 (2015) 103907–103914.
[14] H. Fang, J. Li, H. Chen, B. Liu, W. Huang, Y. Liu, T. Wang, Radiation induced
degradation of silica reinforced silicone foam: Experiments and modeling, Mech.
Mater. 105 (2017) 148–156.
[15] B. Liu, P.-C. Wang, Y.-Y. Ao, Y. Zhao, Y. An, H.-B. Chen, W. Huang, Eﬀects of
combined neutron and gamma irradiation upon silicone foam, Radiat. Phys. Chem.
133 (2017) 31–36.
[16] T. Xu, C. Zhang, P. Li, X. Dai, L. Qu, Y. Sui, J. Gu, Y. Dou, Preparation of dualfunctionalized graphene oxide for the improvement of the thermal stability and
ﬂame-retardant properties of polysiloxane foam, New J. Chem. 42 (2018)
13873–13883.
[17] Y. Ao, K. Cao, B. Liu, P.-C. Wang, H.-B. Chen, W. Huang, P. Jing, M. Zhai,
Prohibition of radiation-induced cross-linking of silica-reinforced silicone foam by
oxygenation with H2O2, Radiat. Phys. Chem. 151 (2018) 261–265.
[18] E.P. Harvey, Flame retardants. Persistent pollutants in land-applied sludges, Nature
412 (2001) 140–141.
[19] F. Ding, J. Liu, S. Zeng, Y. Xia, K.M. Wells, M.-P. Nieh, L. Sun, Biomimetic nanocoatings with exceptional mechanical, barrier, and ﬂame-retardant properties from
large-scale one-step coassembly, Sci. Adv. 3 (2017) e1701212.
[20] X. Qiu, Z. Li, X. Li, Z. Zhang, Flame retardant coatings prepared using layer by layer
assembly: A review, Chem. Eng. J. 334 (2018) 108–122.
[21] Q. Wu, L.-X. Gong, Y. Li, C.-F. Cao, L.-C. Tang, L. Wu, L. Zhao, G.-D. Zhang, S.-N. Li,
J. Gao, Y. Li, Y.-W. Mai, Eﬃcient ﬂame detection and early warning sensors on
combustible materials using hierarchical graphene oxide/silicone coatings, ACS.
Nano. 12 (2018) 416–424.
[22] L.Z. Guan, L. Zhao, Y.-J. Wan, L.-C. Tang, Three-dimensional graphene-based
polymer nanocomposites: Preparation, property and application, Nanoscale 10
(2018) 14788–14811.
[23] C.-F. Cao, G.-D. Zhang, L. Zhao, L.-X. Gong, J.-F. Gao, J.-X. Jiang, L.-C. Tang, Y.W. Mai, Design of mechanically stable, electrically conductive and highly hydrophobic three-dimensional graphene nanoribbon composites by modulating the interconnected network on polymer foam skeleton, Compos. Sci. Technol. 171 (2019)
162–170.
[24] S.-B. Deng, W. Liao, J.-C. Yang, Z.-J. Cao, Y.-Z. Wang, Flame-retardant and smokesuppressed silicone foams with chitosan-based nanocoatings, Ind. Eng. Chem. Res.
55 (2016) 7239–7248.
[25] M. Chen, L. Zhang, S. Duan, S. Jing, H. Jiang, C. Li, Highly stretchable conductors
integrated with a conductive carbon nanotube/graphene network and 3D porous
poly(dimethylsiloxane), Adv. Funct. Mater. 24 (2014) 7548–7556.
[26] S. Duan, K. Yang, Z. Wang, M. Chen, L. Zhang, H. Zhang, C. Li, Fabrication of highly
stretchable conductors based on 3D printed porous poly(dimethylsiloxane) and
conductive carbon nanotubes/graphene network, ACS Appl. Mat. Interfaces 8

4. Conclusion
In summary, we investigated the mechanical, thermal and ﬂameretardant properties of the SiRF nanocomposites containing ultralow
content (≤0.10 wt%) of GONR or GO sheet via using a facile and green
in-situ surface-assembly strategy and conducted a comparative study.
The morphology/structure characterization and analysis demonstrated
the formation of compact GONR or GO coating bonded on the SiRF
foam surface at the ultralow content of ~0.10 wt%. Such surface-assembled GONR or GO coating enhanced the mechanical performance
and thermal stability of the SiRF materials greatly. More importantly,
the presence of such ultralow GONR or GO content produced excellent
ﬂame resistance of the SiRF sample. Typically, the LOI value was enhanced from ~20.8% for pure SiRF to 26.7% and 27.4% for the SiRFGONR0.10% and SiRF-GO0.10% samples, respectively. Cone calorimetry tests further conﬁrmed the signiﬁcant improvements in ﬂame
retardant properties, e.g. ~31% and ~40% reduction in peak of heat
release rate and ~80% and ~95% improvement in total smoke rate for
0.10 wt% GONR and GO sheet, respectively. The morphology and
structure analysis of the burned surface zone disclosed that, compared
with porous and loose nano-silica structure for the pure SiRF, the formation of partly covered nano-silica/rGNOR or well covered compact
nano-silica/rGO protective layer on the skeleton surface were observed
after the burning for the corresponding SiRF-GONR and SiRF-GO nanocomposites, which inhibited the thermal decomposition of the inside
PDMS molecules eﬀectively. This work provides a novel strategy and
paradigm for designing and fabricating lightweight, mechanically
ﬂexible and ﬂame retardant SiRF nanocomposites materials.
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