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Developing porous sponge materials with good mechanical robustness, surface super-hydrophobicity and
excellent flame retardancy is strongly needed for various applications, but it challenging to realize these multiple
functionalities simultaneously in a facile approach. Herein, we show that a mechanically flexible, superhydrophobic and flame-retardant functionalized silica/graphene oxide wide ribbon (GOWR) coated melamine
sponge (M-GOWR@MF) is fabricated by an extremely simple two-step surface-modifying method. The inter
connected GOWR network is decorated onto the MF skeleton via a facile dip-coating approach, followed by the
surface modification of n-Octyltriethoxysilane functionalized nano-silica particles. The as-prepared MF sponge
composites display super-hydrophobicity/super-oleophilicity and good mechanical robustness, which produce
outstanding absorption capacity for both floating and heavy oils from water and efficient continuous oil/water
separation performance. Further, the M-GOWR@MF sponge composites also exhibit excellent flame resistance
and chemical stability, which can be utilized to construct efficient fire warning sensors for complicated envi
ronments. The sensor shows fast danger alarm response of ~3 s when encountering a critical fire risk (e.g. flame
source) and stable fire early warning signal at abnormal high temperature (e.g. 39 and 5 s for 300 and 400 ◦ C)
even after suffering a large deformation or one-year outdoor use. Based on the structural analysis, the related
structure feature and evolution mechanisms during the flame detection and high temperature were discussed and
analyzed. Clearly, the hybrid functionalized silica/GOWR network offers a new strategy and paradigm to design
of advanced multi-functional polymer sponge composites.

1. Introduction
The development of the oil industry has brought considerable con
venience to people’s lives, but the leakage of oil has had a bad impact on
the environment [1–3]. During the past decades, super-hydrophobic 3D
sponge-like composites have been used for effectively separating oilwater blends or absorbing various solvents from water [4,5]. Carbon/
graphene-based aerogels [6,7], silicone sponges [8], polyurethane
sponges [4,5,9–14], biomass-originated materials such as anisotropic
cellulose-based wood sponges [3], cellulose/chitosan-based aerogels
[15,16] and other cellulose-based material (cellulose-g-PAA and

cellulose-g-PAM) [17] have been widely developed for removing various
kinds of oils from water. Furthermore, oil spills not only cause deterio
ration of the ecological and environment issues, but also easily cause a
critical fire risk and even induce serious explosions [2]. On June 15,
2020, an oil and gas leakage accident that was happened in Feitian
Petrochemical Group (Hebei Province, China) caused combustion and
flashover of other combustible materials, and similar situations may
happen when dealing with flammable oil spills or organic solvents [2].
Consequently, the intrinsic flammability of most polymer sponge ma
terials may cause serious fire disasters, leading to serious human’s
property and life loss, limiting the practical applications of the
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combustible porous polymeric materials greatly. Hence, it is imperative,
but also challenging to develop the polymer sponge-like materials with
mechanically robustness, super-hydrophobic performance and fire
resistance for high-efficiency oil/water separation and fire safety of
combustible materials.
The commercial melamine–formaldehyde (MF) sponges with low
density, high porosity and reversible elasticity are highly desirable as
high-performance absorbent materials [2,18–20]. Moreover, the raw MF
sponge with a high nitrogen content will release N2 to prevent burning
when exposed to heat [2,21,22], and thus it exhibited remarkable
adaptability in fire environments. Nevertheless, the pristine MF sponge
is hydrophilic and shows structural damage under continuous flame
attack. To resolve this problem, chemical modifications or other treat
ments are usually needed for oil–water separation and fire safety ap
plications [1]. Viet at al. modified MF sponges by silanizing them
through their N-H bonds with alkyl-silane compounds via a solutionimmersion process and thus improved surface hydrophobicity [23].
Moreover, hydrophobic zeolitic imidazolate framework-8 (ZIF-8)
[24,25], graphene oxide (GO) and their derivatives [20,26–32], SiO2
nanorod [33] and other treatments [1,18], were also used to modify the
MF sponge via various methods, and the prepared sponges showed
efficient oil–water separation performance and durability. However,
there are few studies integrating both water-repellent property and
flame retardancy into sponge materials simultaneously.
Recently, the multi-functional porous polymer sponge composites
with outstanding surface super-hydrophobic and flame resistance have
been reported, especially for constructing the strong adhesion between
the coating and the substrate of the MF sponge. For example, Lu et al.
used the polydopamine (PDA) and mercapto-functionlized hydrophobic
molecules to surface-modify MF sponge and thus obtain excellent ab
sorption performance and flame resistance, which is promising to
reducing the critical risk when dealing with oil spills or cleaning up
organic solvents [2]. Later, Feng et al. constructed a super-hydrophobic
oil–water separation and nonflammable MF sponge that was prepared
by using PDA coating and branched PDMS brush through a rapid
dopamine code-position-mediated method [21]. It should be noted that
the fires caused by most petroleum or combustible materials show the
following characteristics: fast flame spread speed, low ignition temper
ature (300–500 ◦ C), easy explosion, and so on. Therefore, a porous
composite sponge that can meet the multiple requirements of mechan
ical flexiblity, super-hydrophobicity and flame resistance as well as ideal
fire warning signal are strongly needed for many potential applications.
More recently, GO-based hybrid coating was developed to construct
an efficient fire warning sensor that can response sensitively to high
temperature or flame, which provide ultra-fast fire alarm response and
warning signal for fire prevention and safety of combustible materials
[22,34-42]. Motivated by the above findings, herein we fabricated the
hybrid functionalized silica/graphene oxide wide ribbon (GOWR)
coated MF sponge (M-GOWR@MF) composites via a two-step facile
surface dip-coating approach. This approach used is a relatively simple
and easy applicable for the MF sponge substrate. The surface structure
and morphology and the chemical stability of the MF sponges were
investigated under both compressive stress and different pH conditions.
Moreover, the oil/water separation performance of the modified
sponges were conducted, and the flame resistance and fire warning
response of the hybrid functionalized silica/GOWR network decorated
on the MF sponge were studied and discussed under flame attack or
different temperature conditions. Finally, the structure evolution and
temperature-induced resistance transition mechanisms of the hybrid
coatings were clarified and discussed.

(Japan). Commercially available MF foam was purchased from Shenz
hen Lianda Technology Industrial Co., Ltd. (China). Silica nanoparticles
were bought from Shanghai Chaowei Nano Technology Co., Ltd.
(China). Concentrated sulfuric acid (H2SO4, >98 wt%), hydrochloric
acid (HCl, 35 wt%), potassium permanganate (KMnO4), hydrogen
peroxide (H2O2, 30 vol%), n-Octyltriethoxysilane (CH3(CH2)7Si
(OC2H5)3, 99.9 wt%), tetrahydrofuran (C4H8O, 99.9 wt%) and other
reagents were all supplied by Sinopharm Chemical Reagent Co., Ltd.
(China).
2.2. Synthesis of GOWR sheets and M-GOWR@MF
The GOWR sheets was prepared based on our previous report [22].
The functionalized silica/GOWR coated MF (M-GOWR@MF) was syn
thesized by the following procedures. First, n-Octyltriethoxysilane and
nano-silica nanoparticles were dispersed in tetrahydrofuran by stirring
them at room temperature. The weight ration of the mentioned reagents
was 1.5:0.3:100.0. Second, the as-prepared GOWR@MF (the optimal
GOWR content of 20phr used to ensure the formation of GOWR
network) was dip-coated in the above mixture followed by drying it at
80 ◦ C to remove the solvent. These processes could be repeated several
times to obtain super-hydrophobic and flame-retardant M-GOWR@MF
sponges. For easy comparison, the GOWR coated MF (GOWR@MF)
sponge was also prepared according to the above procedure.
2.3. Characterizations
The morphology and microstructure of GOWR sheets and the asprepared MF sponges were examined with a HITACHI H-7650 TEM
and a HITACHI S-4800 field-emission SEM with an energy dispersive Xray spectroscopy (EDS). VG Scientific ESCALab 220I-XL XPS and Nicolet
7000 FT-IR system were used to analyze the compositions of the pre
pared materials. The contact angles were measured at room temperature
using a DSA30 CA analyzer (Kruss, Germany) apparatus. The compres
sive tests were performed at a rate of 20% strain/min using a TA In
struments Q800 dynamic mechanical analyzer (DMA). Raman
spectroscopy tests of various samples before/after the burning process
were conducted using a Senterra Micro Raman Spectrometer with a 514
nm laser. The electrical resistance values of the as-prepared MF sponge
composites were measured by an ESCORT 3146A multimeter. A peri
staltic pump was used to evaluate the continuous absorption of the
prepared samples. The M-GOWR@MF composites were directly con
nected with a LED light as danger light and a low voltage of <36 V power
supply to prepare a fire alarm device. During the detecting process in a
muffle furnace (different temperature conditions) or flame, the electrical
resistance change of the composites was monitored by using a twoelectrode method using a multimeter (ESCORT 3146A).
3. Results and discussion
3.1. Structure characterization and analysis
The M-GOWR@MF sponges were prepared according to the dipcoating and surface modifying procedure, as shown in Fig. 1a. The
first step was to immerse the washed melamine foam in the GOWR
aqueous solution, and then vacuumed and centrifuged and dried the
mixture to make the intermediate product GOWR@MF. A large number
of active imino groups (N-H) onto the MF skeleton are expected to
interact with the oxygen groups onto the GOWR sheets [23,43]. The
second step was to anchor SiO2 nanoparticles on the surface of the
GOWR@MF via the hydrolyzing n-Octyltriethoxysilane. At a relatively
high-temperature drying procedure, the alkoxy groups of the silane
molecules hydrolyzed and thus generated many silicon hydroxyl groups,
which would dehydrate and cross-link with the hydroxyl groups on the
silica and GOWR, respectively [36]. As a result, the formation of Si-O-Si
covalent bond would stable the nano-silica bonded onto the surface

2. Experimental
2.1. Materials
Carbon nanofibers (CNFs) were supplied by Showa Denko Co., Ltd.
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Fig. 1. (a) Schematic illustration of the fabricating process of the functionalized silica/GOWR coated MF (M-GOWR@MF) sponge via a facile dip-coating procedure.
Typical SEM images of (b) pure MF and (c) GOWR-coated MF sponges, showing a formation of interconnected GOWR network on the skeleton surface without
affecting the porous structure. (d) SEM images of M-GOWR sponges, indicating the hierarchical structure of hybrid silica and GOWR coating on the MF surface.

[44], which can produce micro-/nano- rough surfaces with extremely
low water affinity (hydrophobic alkyl chains of the silane molecules),
thus leading to excellent water repellency for the MF sponge.
The microstructure and morphology of different MF sponge samples
were observed by SEM and TEM. As depicted in Figure S1a, a band-like
GOWR sheet with a width of ~900 nm and a length of several micro
meters show crumpled structure, which is expected to easily assemble
onto the MF skeleton. Normally, pure MF sponge has a porous structure
with a very smooth surface (Fig. 1b), while the sponge coated with
GOWR sheets displays the rough surface and the interconnected GOWR
network is visible on the surface (Fig. 1c) [20]. Notably, the presence of
hybrid functionalized nano-silica/GOWR does not induce the blocking
pore phenomena that were observed in the polymer sponges coated with
other graphene derivatives (Fig. 1d) [45,46], which would be attributed
to the unique structure of GOWR. Further, the GOWR network can be
well kept on the surface and some silica clusters are observed on the
GOWR sheets, forming a hierarchical micro-/nano- scale rough structure
(Fig. 1d). Moreover, the residual oxygen groups (e.g. hydroxyl, carboxyl
and silicon hydroxyl) of the hybrid coatings are expected to from strong
interactions with the imino groups of MF chains, thus leading to a good

interface. FTIR results shown in Figure S1b can provide the evidence for
the chemical bonding among the hybrid functionalized nano-silica/
GOWR. Typically, characteristic bands of MF foam were clearly
observed at 810 (triazine ring bending), 980 and 1467 (C-H bending
vibration), 1544 (C=N stretching in triazine ring), and 3352 cm− 1 (N-H
of the primary and secondary amine or –OH groups), respectively
[1,19,26,47]. After applying the hybrid coatings, the M–GOWR@MF
sample exhibits the characteristic signals of -CH2- stretching vibration at
2930 and 2853 cm− 1 and Si-O-Si stretching at 1080 cm− 1, which dem
onstrates the MF sponge was successfully functionalized with silicone
molecules [48,49], and the detected methylene peaks at 2930 and 2853
cm− 1 originated from the alkyl chains can further confirm this.
3.2. Physical properties and oil/water separation
Based on the uniform nano-silica/GOWR coatings on the MF skeleton
(Fig. 1d) via a centrifugation method [29], the prepared GOWR@MF
sponge exhibits a super-lightweight feature with a low density of ~12.0
mg/cm3. As a result, a piece of M-GOWR@MF sponge with a size of 40.0
mm × 20 mm × 10 mm can stand on the top of a foxtail grass (Fig. 2a),
3
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Fig. 2. (a) Digital images of a typical M-GOWR@MF sponge on a foxtail grass, indicating a lightweight sponge after the surface modification. (b) Compressive stressstain curves of the M-GOWR@MF sponge for 100 cycles (inset is the digital image of the sample during the compressive process at strain = 60%). (c) Photographs of
the M-GOWR@MF sponge after being immersed into different aqueous solutions (pH = 1, 7 and 14), showing a good chemical stability even for 15 days. (d) Burning
process of the M-GOWR@MF sponge, indicating excellent flame resistance and structure integrity even after being exposed in the flame for 60 s. (e) Burning process
of pure MF sponge, indicating obvious structure damage during the burning process.

which does not affect the structure of the grass. It should be also noted
that the M-GOWR@MF sample displays outstanding compressibility. As
shown in Fig. 2b, after accommodating a compressive strain of 60% for
100 cycles, the sponge can recover its original size and shape. Moreover,
due to the formation of the strong adhesion between the coating and the
skeleton, the M-GOWR@MF sponge composites can keep the structural
integrity even after being squeezed into different aqueous solutions (pH
= 1, 7 and 14) for 15 days (Fig. 2c), and no obvious debonding of the
hybrid coatings is visible. Furthermore, the M-GOWR@MF sponge ma
terials possesses excellent flame resistance, and they can undergo flame
attack for as long as 60 s without serious structure and shape damage
compared with pure MF (Fig. 2d and e) [50].
The surface wetting properties and the discrepancy of the pure MF,
GOWR@MF and M-GOWR@MF sponges were also studied and
compared. As expected, the water contact angle of pure MF sponge was
0◦ (Fig. 3a), showing the super-hydrophilic property due to a lot of
hydrophilic groups (N-H) [24,50]. Comparatively, due to the formation
of micro-/nano- rough characteristics, the GOWR@MF sponge’s water
contact angle is 130.3◦ , showing good hydrophobicity. Moreover, owing
to a large number of silica nanoparticles and hydrophobic alkyl chains of

silane molecules on the GOWR sheets, the M-GOWR@MF sample
showed super-hydrophobic behavior with a water CA of 152.4◦ . We
dropped the potassium permanganate aqueous solution droplets on the
top and side of the three materials in order to observe the difference in
hydrophobicity more intuitively (Fig. 3b). As excepted, the pure MF
sponge absorbs the water droplets on both sides immediately (Fig. 3b
left), while the droplets on the upper surface of the GOWR@MF and the
M− GOWR@MF sponges present uniformly spherical shapes and show
good hydrophobicity. However, the water droplets on the side obviously
show quite different. The water droplets on the side of the GOWR@MF
were still hanging (Fig. 3b middle), indicating the water sliding angle of
>90◦ . Interestingly, for the M-GOWR@MF, the water droplets quickly
bounced off because of its super-hydrophobicity (Fig. 3b right). The
water droplets on the surface of M-GOWR@MF sponges further show
that the sliding angle was about 8◦ (Fig. 3c), demonstrating excellent
super-hydrophobicity. Moreover, the super-hydrophobic surface of the
modified sponge composites also displays a good self-cleaning perfor
mance (Fig. 3d). When the sawdust scattered on the surface of the
sponge messily, the surface could be cleaned as soon quickly through
continuous water droppings.
4
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Fig. 3. (a) Comparison of water contact angels of pure MF, GOWR@MF and M-GOWR@MF sponges (insets are the water contact angles). (b) Digital images of water
droplets on the sponge surface, (c) water sliding angle (~8.0◦ ) and (d) surface self-cleaning process, showing the super-hydrophobicity after coating the hybrid
functionalized silica/GOWR. (e, f) Photographs of the continuous oil collection of (e) petrol and (f) CCl4 on or in the water phase.

Based on the above analysis, the M-GOWR@MF sponge was highly
porous, mechanically flexible, super-hydrophobic and super-oleophilic,
showing promising for oil removal from water and other multifunctionalities. The porous structure of the modified MF sponge com
posite materials offers an extremely sufficient space for liquid storage
[51]. As shown in Figure S2a, when placing a slice of M-GOWR@MF in
the petrol oil/water mixture, it can assimilate the petrol oil selectively,
leaving behind the clean water. Owning to its good mechanical flexi
bility, the sponges can maintain its appearance and performance after
absorbing the heavier CCl4 liquid or floating oil from water
(Figure S2b). Further, we even designed a continuous oil–water sepa
ration device. Two hosepipes were connected to a peristaltic pump, one
was inserted into the M-GOWR@MF sponge and the other one was
linked to a container. As shown in Fig. 3e and Movie S1, while dipping
the modified sponge into the petrol oil/water mixture, the sample can
absorb the oil from the mixture in a continuous way through a pump but
no water was absorbed, exhibiting efficient oil–water separation per
formance. For dense CCl4, the continuous separation effect can be also
be conducted as indicated in Fig. 3f and Movie S2. These above results
indicate that the mechanically flexible and super-hydrophobic MGOWR@MF sponges are applicable for absorbing various oil or solvents
with different densities from water.

3.3. Fire alarm and early warning performance
Due to their good cyclic compressibility, surface super-hydrophobic,
excellent structural stability and flame-retardant property, the MGOWR@MF sponge is also an ideal composite for constructing the
advanced fire warning sensors via monitoring temperature-induced
resistance change of the GOWR network. Typically, to simulate the
real situation, we directly connected the modified MF sponge with a
warning light and a power supply (<36 V) to detect flame rapid re
sponses and even after exposing a simulated artificial rain. As expected,
the M-GOWR@MF sample can release an ultra-fast flame detecting
response of ~3 s once encountering the flame and a continuous alarm
signal can be kept after removing the flame source (see Fig. 4a and
Movie S3). Due to its excellent surface super-hydrophobicity of the MGOWR@MF sample, the M-GOWR@MF sponge composites after artifi
cial rainfall also display almost same warning alarm time of only 3 s for
detecting a flame (see Figure S3 and Movie S4), and a continuous
warning signal was also kept even after removing the fire. Further, it
should be noted that the modified MF sponge before/after the cyclic
larger compressive deformation exhibited similar flame detecting
response time (Fig. 4b and Movie S5). The resistance values of the MGOWR@MF sponges before/after the 100 cyclic compression and even
exposing them outdoor for 12 months are all almost same (Fig. 4c).
Similarly, the samples after cyclic compression can also exhibit
temperature-responsive resistance change for different temperature
5
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Fig. 4. Photographs of flame detection processes of M-GOWR@MF sponges (a) before and (b) after 100 compressive cycles, showing almost same flame detection
response time of ~3 s. (c) Electrical conductivity changes of the M-GOWR@MF sponges before and after 100 compressive cycles for detecting (c) a flame or (d) hightemperature environments of 300–400 ◦ C.

conditions at 300, 400 and 500 ◦ C (see Fig. 4d), which will be in-detail
discussed alter.
Beside the ultra-fast flame detection, the above fire warning senor
can be also applicable to obtain an early warning signal in the precombustion of the materials. According to the combustion nature of
the materials, detecting environmental temperatures is a very important
and effective method to reduce or avoid the high fire hazards; in other
words, fire warning sensors can provide fire warning signals before

burning [34,37]. The temperature detection process of the MGOWR@MF sponge was shown in Fig. 5a. At the beginning, the sample
is an electrical insulation state, so the signal lamp is not activated. When
it is thermally treated at 400 ◦ C for only 5 s on the surface of a ther
mostat, the sensor is able to release the strong warning signal from the
alarm lamp, even after cyclic compressive deformation (see Movie S6).
After 120 s, although the MF composite material has left the heat source,
the alarm has maintained light and continued to provide a good alarm

Fig. 5. (a) Photographs of M-GOWR@MF sponge for detecting the hot surface of ~400 ◦ C, showing a rapid flame alarm release at ~5 s and continuous alarm
response even after removing the sample from the hot surface. (b) Electrical conductivity changes and (c) response time of the M-GOWR@MF sponge at different
temperatures ranging from 200 to 500 ◦ C (inset is the electrical resistance change of the sample at 100 ◦ C for ~10 h).
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response. The response temperature and time was further evaluated by
placing the sample in a muffle furnace. As expected, the sample’s elec
trical resistance change is related to the environmental temperature, and
the higher the temperature can illumine the LED light faster. Similarly,
the smaller resistance value of the sample can be obtained under the
higher temperature treatment (Fig. 5b). This means that when the
higher temperature is used, the GOWR network can be more effectively
reduced, and the more C=C binding may be restored to achieve the
complete conductive path [35,52].
Further, the alarm response time (the resistance of the material to
drop to the dangerous alarm point of 10-4 shown in Fig. 4b) is contin
uously decreased with the temperature ranging from 200 ◦ C to 500 ◦ C,
sharply reducing from 658 s to 3 s, indicating that the warning sensi
tivity of the materials increases rapidly with the continuous increase of
temperature (see the details in Fig. 5c). At 250, 300 and 350 ◦ C, the fire
warning time is about 158, 39 and 12 s, respectively, showing good
response sensitivity with increasing the temperature. The warning time
required for the resistance of the material is further dramatically
reduced to be only ~5 and ~3 s at 400 and 500 ◦ C, which is very close to
the flame detection time as discussed above. Clearly, the rapid warning
response would offer sufficient and timely response time for people to
deal with the critical fire risk. Moreover, it should be noted, the curve
shown in the inset of Fig. 5c is the resistance change of the sample placed
at 100 ◦ C for 10 h, the unchanged resistance reflects good stability of the
sensor under the severe environment of 100 ◦ C and below to avoid the
wrong fire warning signal. The above results suggest that the presence of

functionalized nano-silica on the surfaces would not only stabilize the
GOWR network on the foam skeleton, but also improves its weatherability and mechanical stability. As a result, the MF sponges modified
with the hybrid functionalized nano-silica/GOWR coatings can provide
fast flame detection time and early warning response signal in the precombustion even under outdoor complicated and harsh environmental
situations (e.g. external deformation, strong rainy and windy days).
3.4. Mechanism analysis of M-GOWR @ MF composites
To ascertain the thermal decomposition and resistance transition
mechanisms of the M-GOWR@MF sponge samples, the constituents of
those samples before/after the burning or high temperature treating
process were analyzed by FTIR, Raman, XPS and SEM. As shown in
Fig. 6a, the FTIR spectra indicate that the –OH stretching vibration at
~3415 cm− 1 and –CH2- stretching vibration at 2930 cm− 1 and 2852 cm1
are visible at both RT and 200 ◦ C, but they seem to disappear at 300 ◦ C
and above, demonstrating thermal degradation of residual hydroxyl
groups of GOWR and alkyl groups of the modified silane molecules
[22,34,43,53]. Further, after 400 ◦ C treatment or flame attack, N-H at
~3352 cm− 1, C=N stretching in triazine ring at ~1544 cm− 1 and
triazine ring bending at ~810 cm− 1 show significant decrease or even
disappear and new peak at ~1190–1228 cm− 1 can be observed, sug
gesting thermal decomposition of the MF skeleton and the possible Ndoping of rGOWR [22,43]. Raman spectra can further demonstrate the
above analysis, and the ID/IG value indicates defect content of pristine

Fig. 6. (a) FTIR spectra and (b) Raman spectra of M-GOWR@MF sponges before and after the high-temperature treating or flame attacking process. (c) XPS results of
the M-GOWR@MF sponges before and after the burning test. (d) Typical SEM images of the burned M-GOWR@MF sponge and (e) schematic illustration of the
functionalized silica/GOWR coating during detecting the high temperature and flame attack.
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graphite [54-56]. Typically, with increasing environmental temperature
from ambient to 400 ◦ C, the ID/IG ratio shows gradual decrease from
0.95 at room temperature to 0.82 at 400 ◦ C due to the thermal reduction
of GOWR sheets. The ID/IG value decreases to 0.54 after the burning test
compared to other conditions, indicating the flame has a significant
influence on the reduction behavior of GOWR network under high
temperature [57]. During the burning process, the GOWR layer trans
formed from insulating state to conductive one in a very short time, thus
producing an effective resistance transition to activate an ideal warning
response for a sudden fire accident [22].
Furthermore, the chemical compositions of the M-GOWR@MF
sponge sample before and after the burning were analyzed by XPS, and
the results are shown in Fig. 6c and Fig. 4S. Typical two peaks at 103 eV
and 154 eV of the sample were corresponding to Si2p and Si2s,
respectively; and there was an increase in those two characteristic peaks
after burning test, meanwhile, an increase in O1s (533.0 eV) but a
decrease in C1s (285.0 eV) can be observed. These changes may be
attributed to the decomposition of silane and the formation of nanosilica [34,36], which could be more clearly confirmed by the SEM ob
servations and mapping images in Fig. 6d and S5. It is shown that the
skeletons of the M-GOWR@MF sponge were covered with the layer of
porous nano-silica particles after burning, which looks like branches
covered with snow. High magnification SEM images show that each of
the skeleton is wrapped with the snowflake-like layer structure, and the
closely arranged layer would protect the inside structure of the sample
from fire. Based on the discussion above, the decomposition mechanism
of the M-GOWR@MF sponges were proposed and shown in Fig. 6e. Upon
heating, the GOWR sheets on the skeleton were gradually reduced to
obtain an interconnected conductive network, meanwhile, the silicone
molecules should thermally decompose and thus form numerous
snowflake-like nano-silica particles on the skeleton [58]. It is believed
that the formation of the porous nano-silica layer can act as a solid
protective layer to effectively promote the graphitization and reduce the
thermal decomposition of the GOWR sheets [36]. And the high tem
perature would induce thermal decomposition of MF sponge to produce
N2 and NO2 etc., which could be important role for restricting the
thermal oxidation of GOWR sheets but facilitating their thermal
reduction [21,22,24], thus producing the efficient fire warning
response.

composites for oil spill and fire prevention/safety applications.
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