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Abstract A facile strategy was developed to fabricate
flexible polyurethane (PU) foam composites with excep-
tional flame retardancy. The approach involves the
incorporation of graphene oxide (GO) into a silicone
resin (SiR) solution, which is then deposited onto a PU
foam surface via the dip-coating technique and cured.
Fourier-transform infrared spectroscopy, scanning electron
microscopy, and Raman spectroscopy measurements
demonstrated that the SiR and GO were successfully
coated onto the PU skeleton and the intrinsic porous
structure of the PU foam remained intact. The effects of
SiR and GO on the mechanical and thermal stability and
flame retardancy of PU composites were evaluated through
compression tests, thermogravimetric analysis, vertical
combustion tests, and the limiting oxygen index. The
measurement results revealed that the composites
(PU@SiR-GO) showed superior flame retardancy and
thermal and mechanical stability compared to pristine PU
or PU coated with SiR alone. The mechanical and thermal
stability and the flame-retardant properties of the PU
composites were enhanced significantly with increasing
GO content. Based on the composition, microstructure,
and surface morphology of PU@SiR-GO composites
before and after combustion tests, a possible flame-
retardance mechanism is proposed. This work provides a
simple and effective strategy for fabricating flame-

retardant composites with improved mechanical perfor-
mance.

Keywords flame retardancy, flexible polyurethane foam,
graphene oxide, silicone resin

1 Introduction

Polymeric materials, such as porous flexible polyurethane
(PU) foam, have been widely used in daily life. Specific
examples include household, automotive, and insulation
applications due to the excellent elastic, acoustic, and
thermal insulation properties of these materials [1–3].
Unfortunately, most of these polymers are combustible
materials. For example, PU foam is easily ignited by small
fire sources (a flame, cigarette, etc.). It can combust
completely in several seconds, accompanied by continuous
dripping and quick flame self-propagation. During the
combustion process, PU foam generates substantial
quantities of toxic fumes and molten products with a
high rate of heat release [4,5]. This greatly increases fire
hazards that threaten the security of human lives and
property. With increasingly strict standards and growing
demands on fire safety regulations and environment
protection, it is of great interest to improve the flame
retardancy of combustible polymeric foam [6,7].
To reduce the flammability of polymers, two typical

strategies have been developed [8]. One method is to
incorporate flame retardants into polymers [9]. These flame
retardants mainly include phosphorus-nitrogen flame
retardants [10,11] and other nano-materials such as
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aluminum nano-particles [12], aluminum hypophosphite
[13], and aluminum diethylphosphinate (ADP) [14]. Due
to the excellent flame retardancy of these materials,
incorporating these flame retardants into combustible
polymers can interfere with polymer ignition, decomposi-
tion, and flame spreading. Once the polymer catches fire,
combustion can be retarded by the combination of physical
and chemical actions, such as the formation of a protective
layer, degradation of additives to a cool environmental
temperature [15], and dilution of gas mixtures to a lower
ignition limit [16]. This approach has been widely used to
improve the flame retardancy of polymer materials.
However, a relatively high content of flame-retardant is
usually required to achieve the desired flame retardancy,
which could result in the sacrifice of mechanical properties
of the polymer, such as tensile or flexural strength. For
example, Wang et al. prepared flame-retardant and flexible
PU foam, by a free-foaming method with ADP as
additives, and found that when the ADP loading was
20%, the peak heat release rate and the total heat release of
the resultant PU foam was reduced by 35% and 33%,
respectively [14].
Another method to improve flame retardancy is to

construct a flame-retardant coating on the surface of
polymers [17–19]. The advantage of this method is easy
processing on the foam surface and an ignorable influence
on the intrinsic properties of the polymer [19]. Recently, a
variety of non-combustible inorganic and/or difficult-to-
combust organic materials were utilized as flame-retardant
coatings. These materials included metal compounds
[5,20,21], clay [22,23], nitrogen organic compounds
[24], sulfur-nitrogen organic compounds [25], sodium
alginate [26,27], carbon black [28], montmorillonite [29],
carbon nano-tubes [30], graphene oxide (GO) [31],
silicone resin (SiR) [32], aerogels [33], and nano-fibers
[34]. For example, Chen et al. constructed polymer-clay
coatings on flexible PU foam with a nano-brick wall
structure and found a lower clay content was more efficient
to reduce the flammability of the PU foam [35].
Of the methods to construct protective coatings on

flexible PU foam, the layer-by-layer method has been
widely used due to its ease of manipulation. For example,
Hai et al. deposited silica aerogel and sodium alginate on
the skeleton surface of PU foam via layer-by-layer
assembly. The resulting PU foam reached the V-0 level
of the vertical combustion test [36]. Lin et al. prepared
MXene/chitosan flexible nano-coatings on PU foam by the
layer-by-layer method, and the coating significantly
reduced the flammability and smoke release of PU foam.
At the same time, the adverse effects on the inherent
performance of PU were minimized [37]. Furthermore,
clay and carbon nano-tube based coatings showed a
synergistic effect in reducing the flammability of flexible
PU foam [38].
The improvement of flame retardancy and smoke

suppression performance of coated PU foam has been

attributed to the high quality of the protective barrier of the
hybrid coating. Among the nano-materials used in coat-
ings, GO has commonly been complexed with other
organic/inorganic materials to create a hybrid, flame-
retardant coating on PU foam due to its high specific
surface area and physical barrier [39,40]. For example,
Maddalena et al. constructed binary GO/chitosan coatings
and found it capable of improving the flame retardancy of
open-cell PU foams [41]. In addition, Lu et al. fabricated a
ternary GO, chitosan, and alginate coating on the surface of
PU foam through the layer-by-layer method. The flame
retardancy of these PU foam composites were significantly
improved after a ten-cycle layer-by-layer assembly [31].
Although these layer-by-layer assembled coatings have
proven to be effective at improving the flame retardancy of
PU foam, most of the abovementioned surface coating
fabrication processes are time-consuming. They involve
many steps, which greatly restricts the scale-up preparation
of flame-retardant PU foam composites.
Due to the higher bonding energy of the Si-O bond

(460.5 kJ$mol–1) relative to C–C (304.0 kJ$mol–1) and C–
O (358.0 kJ$mol–1) bonds, organosilicone, such as poly-
hedral oligomeric silsesquioxane [42], and organosilicon
polymers, such as SiR, have gained tremendous attention
and have been used to reduce the flammability of PU foams
due to their excellent thermal stability at temperatures
exceeding 350 °C [43,44]. As an environmentally friendly
flame-retardant, SiR has displayed a slow combustion
rating, low heat release rate (HRR), minimal toxic gas
emission, and low yield of carbon monoxide during the
combustion process [45,46]. In our previous work, we
developed a strategy for fabricating highly flame-retardant
and flexible PU foam composites by coating with SiR via a
facile dip-coating process [32]. This multilayer flame-
retardant coating can significantly improve the flame
retardancy of PU foam. However, only when the weight of
coated SiR was 4.8 times that of the PU foam it was
sufficiently effective to reduce the flammability of the PU
foam; the flame could be completely extinguished 30 s
after ignition. Moreover, the density of PU foam drastically
increased from 0.024 g$cm–3 to 0.140 g$cm–3, before and
after coating with SiR. The increased density may cause
problems, such as difficult transport and scarification of
mechanical properties, which would restrict the application
of this method. To our knowledge, little progress had been
made in fabricating flame-retardant and flexible PU foam
using a simple strategy in which no time-consuming
fabrication process is involved with no adverse effects.
Herein, based on the excellent thermal stability of SiR

and previous work in which a large amount of SiR was
required to coat PU foam, but with a time-consuming
process and weight-gain [32], we aimed to develop a facile
and fast strategy to prepare a flame-retardant and flexible
PU foam. In this article, we incorporate GO nano-sheets
into a SiR solution then deposit the hybrid GO-SiR coating
onto the PU foam surface via the dip-coating technique,
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resulting in decreased weight-gain, to achieve high flame
retardancy. The microstructure and surface morphology of
the PU foam composites were characterized, and the
effects of SiR and GO on the flame retardancy and
mechanical and thermal stability of PU composites were
investigated. The results indicate that the SiR-GO coating
exhibited a synergistic effect on improving the flame
retardancy of PU foam composites, and the resulting
composites (PU@SiR-GO) show superior thermal stability
compared to PU starting materials or PU coated with SiR
alone. The PU@SiR-GO exhibits a more stable thermal
stability with increasing GO content. Additionally, a
possible flame-retardant mechanism is proposed based on
the microstructure and composition analysis before and
after combustion tests.

2 Experimental

2.1 Materials

Natural graphite powder (325 mesh, 99 wt-%) was
obtained from Qingdao OER graphite Co., Ltd. Methyl-
trimethoxysilane ((CH3)Si(OCH3)3, 98 wt-%), dimethox-
ydiphenylsilane ((C6H5)2Si(OCH3)2, 98 wt-%),
diethoxydimethylsilane ((CH3)2Si(OC2H5)2, 98%), phe-
nyltrimethoxysilane ((C6H5)Si(OCH3)3, 98%), and ethyl
alcohol (95%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Concentrated sulfuric acid
(H2SO4,≥95%), phosphorus pentoxide (P2O5, 98 wt-%),
potassium peroxydisulfate (K2S2O8, 98 wt-%), potassium
permanganate (KMnO4, 98%), hydrogen peroxide (H2O2,
30 vol-%), hydrochloric acid (HCl, 35 wt-%), and double
amino-terminated polyetheramine (D230, molecular
weight approximately 230) were obtained from Sinopharm
Chemical Reagent Co., Ltd. (China). PU foam
(0.025 g$cm–3, polyester-type) was provided by Zhejiang
Hangzhou Guangsheng Foam Plastic Company.

2.2 Preparation of GO and SiR

First, GO was prepared by the oxidation of graphite
powder using the modified Hummers’ method [47]. SiR
was prepared through co-hydrolysis and condensation.
Diethoxydimethylsilane (160 g), dimethoxydiphenylsilane
(64 g), phenyltrimethoxysilane (100 g), methyltrimethox-
ysilane (30 g), ethanol (250 g), and hydrochloric acid
solution (2 vol-%) were added into a 1000 mL, three-
necked, round-bottom flask equipped with a thermometer
and a reflux condenser. The mixture was heated to 65 °C -
70 °C, then 120 g of deionized water was slowly added
while stirring. After the hydrolysis was completed, the
NaHCO3 solution was added to neutralize the solution
until the pH value of the mixture was neutral. Finally, the
mixture was filtered and the filtrate was heated to 100 °C
under vacuum for 1 h to remove the solvent. A SiR-

containing R/Si ratio of 1.65 (R indicates the total mole of
methyl and phenyl groups, and Si indicates the mole of Si
element) was obtained.

2.3 Preparation of PU@SiR-GO foam composites

The preparation process of PU@SiR-GO foam composites
is illustrated in Fig. 1(a). First, SiR (19.8 g), GO nano-
sheets (0.20 g), ethanol (100 g), and the cross-linking agent
double amino-terminated polyetheramine (D230, 0.2 g)
were mixed under high-speed stirring (2000 r$min–1) for
20 min then sonication for 10 min. Subsequently, the PU
foam was fully immersed in the GO and SiR mixture for
15 min under vacuum, and the sample was then
centrifuged at 600 r$min–1 for 5 min prior to curing at
90 °C for 4 h. The above procedures were repeated until
the coated SiR-GO weight was approximately twice that of
the pristine PU foam. The obtained foam composites were
designated as PU@SiR-GO 1.00%. The designation of
foam composites with different GO to SiR ratios is given
by PU@SiR-GO X wt-%, with X representing the weight
ratio of GO to SiR components. The PU@SiR-GO 0 wt-%
(i.e., without adding GO), PU@SiR-GO 0.25%, and
PU@SiR-GO 0.50% samples were obtained using the
same method while adjusting GO weight to obtain the
desired wt-% ratio of GO to SiR.

2.4 Characterization methods

The morphological structures of PU and PU foam
composites before and after combustion were investigated
using scanning electron microscopy (SEM, SIGMA 500).
Fourier transform infrared (FTIR) spectra were obtained on
a Nicolet 7000 FTIR (Nicolet Instrument Company, USA)
in the range of 4000 to 600 cm–1. Thermogravimetric
analysis (TGA) was employed using a TA Instruments
Q5000 under a nitrogen atmosphere and at a linear heating
rate of 10 °C∙min–1 from 25 °C to 800 °C. Compression
tests were performed using an AMETEK Ls 100Plus
at a compression speed of 1.0 mm∙min–1 at 25 °C with
a sample size of 20.0 mm length � 20.0 mm width �
10.0 mm thickness. Flammability was characterized by the
vertical burning test. Before testing, the specimens were
conditioned at 25 °C� 1 °C and 50%� 2% relative
humidity for 72 h. The specimen dimensions were 50�
2 mm length� 25� 2 mmwidth� 10� 0.5 mm thickness
and each specimen was fixed approximately vertical.
Limiting oxygen index (LOI) values were measured by a
JF-3 oxygen index meter (Jingning Analysis Instrument
Company, China) according to the test standard of ASTM
D2863-97 with samples having dimensions of 100 mm
length� 10 mm width� 10 mm thickness. A cone
calorimeter was employed to evaluate the flame retardancy
of PU and PU composites according to the test standard of
ISO 5660-1; each sample had dimensions of 100 mm
length � 100 mm width � 10 mm thickness. The samples

Qian Wu et al. Exceptionally flame-retardant flexible polyurethane 971



were wrapped with aluminum foil and mounted into a
heavy metal container. The container was horizontally
exposed to a heat flux of 35 kW∙m–2 and tests were
repeated at least three times for each sample. Raman
spectra were recorded using a SENTERRA Micro Raman
Spectrometer (Bruker Instruments, Germany) with a
633 nm He-Ne laser beam from 200 to 4000 cm–1.

3 Results and discussion

3.1 Microstructure and composition analysis

Digital photos of PU and PU composites, reflecting their
macroscopic evolution during the PU foam composite
preparation process, are shown in Figs. 1(b–f). The pristine
PU sponge is white in appearance; thus, the PU@SiR
keeps its original color due to the transparency of the SiR
coating. After the incorporation of GO, all the samples of

PU@SiR-GO 0.25%, PU@SiR-GO 0.50%, and PU@SiR-
GO 1.00% appear dark. The PU composite color gradually
becomes darker with the increase in GO content. This is
due to the dark appearance of GO nano-sheets and
demonstrates that GO has coated the surface of the PU.
Additionally, SEM images of the pristine PU and PU

foam composites are shown in Figs. 1(b–f). As shown in
Fig. 1(b), the pristine PU foam skeleton has a clear
structure. The skeleton surface is smooth and crack-free,
while the edge is lighter than the inner region. The SEM
images of PU@SiR in Fig. 1(c) show that the foam
skeleton structure is still clear after dip-coating in SiR.
Both the pristine PU and PU@SiR skeleton surfaces are
smooth and crack-free, but a two-layered structure is only
observed in the magnification image of PU@SiR. One
layer is the PU foam skeleton, and the other layer is the SiR
coating. Moreover, it can be observed that the thickness of
the SiR coating is approximately 2 mm. SEM images of
PU@SiR-GO 0.25% are shown in Fig. 1(d). It can be

Fig. 1 (a) Preparation process of PU@SiR-GO foam composites. Digital and SEM images of (b) pristine PU, (c) PU@SiR, (d)
PU@SiR-GO 0.25%, (e) PU@SiR-GO 0.50%, and (f) PU@SiR-GO 1.00%.
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observed that the porous structure of PU composites
remains intact with approximately a 2 mm thick layer on
the skeleton surface. However, the skeleton surface grows
rougher, with many pleats arising compared to the smooth
surface in Fig. 1(c). This phenomenon is likely due to the
incorporation of GO and its wrinkling effect, which is
consistent with reported work [31]. Moreover, when the
GO content is increased to 0.50%, and 1.00%, the porous
structure of PU@SiR-GO 0.50% (Fig. 1(c)) and PU@SiR-
GO 1.00% (Fig. 1(f)) remain intact and free of any
noticeable pore blocking. It is noted that, in the highest
magnification images, the skeleton surfaces of these two
PU composites became rougher due to the GO wrinkling
effect.
To further demonstrate the incorporation of the GO-SiR

coating on the surface of the PU, the FTIR spectra of PU
and PU foam composites were measured, and the results
are shown in Fig. S1 (cf. Electronic Supplementary
Material, ESM). For the PU foam, the band at 3280 cm–1

matches the stretching vibration of the N-H bond, and the
bands at 3330 and 1220 cm–1 correspond to the deforma-
tion stretching vibration of the N-H and stretching
vibration of the N-C band, respectively. The bands at
2980 and 2880 cm–1 are assigned to the stretching vibration
of the C-H band. The band at 1718 cm–1 corresponds to the
stretching vibration of the C = O bond, and the bands at
1220 and 1094 cm–1 correspond to the stretching vibration

of the C-O-C band of an aliphatic compound and
stretching vibration of the C-O band of aromatic
compounds, respectively. For PU@SiR, the most distinct
difference with pristine PU is the new occurrence of bands
at 1020 and 790 cm–1, which can be assigned to the
stretching vibration of the Si-O-Si bond and the Si-C
band, respectively. The presence of Si-O-Si and Si-C
bands prove that SiR has been successfully prepared and
deposited onto the PU foam surface. For the samples of
PU@SiR-GO 0.25%, PU@SiR-GO 0.50%, and PU@SiR-
GO 1.00%, besides the stretching vibration of the Si-O-Si
and Si-C bands, the new occurrence of a band at 1612
cm–1 can be ascribed to the stretching vibration of the C =
C band in GO molecules. The above measurements
indicate that the SiR-GO coating has been deposited on
the surface of PU foam through our dip-coating technol-
ogy.

3.2 Mechanical properties

To further evaluate the effect of SiR-GO coating on the
stress properties of PU foam composites, the mechanical
properties of PU foam and PU foam composites were
characterized by an in-plane cycle compression test. The
compression stress-strain curves of the samples, at 10
cyclic times, are plotted in Figs. 2(a–e). With reference to
the curve of the pristine PU in Fig. 2(a), the compression

Fig. 2 The compressive stress-strain curves of (a) pristine PU, (b) PU@SiR, (c) PU@SiR-GO 0.25%, (d) PU@SiR-GO 0.50%, and (e)
PU@SiR-GO 1.00% during ten loading-unloading cycles of compressive stress at 80% strain; (f) the maximum compressive stress of
pristine PU and PU composites.
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stress increases slowly when loading the applied stress,
then exhibits a plateau, followed by rapidly increasing
stress. After unloading the stress, the PU foam exhibits
good compressibility with full recovery owing to its high
porosity and elasticity [48]. The photographs recording the
PU foam status under a compressing and releasing cycle
are shown in Fig. S2(a) (cf. ESM). The PU foam itself is a
deformable material under compression with excellent
elasticity, which allows it to recover to its original state
without compressive stress loss, even under 10 cyclic
compressive tests. The compression stress-strain curves of
PU@SiR, PU@SiR-GO 0.25%, PU@SiR-GO 0.50%, and
PU@SiR-GO 1.00% at cyclic 10 times are shown in Figs.
2(b–e).
The PU composite compression stress increases when

the applied stress is increased, and the plateau is not
observed until the compressive stress is at 80% strain. As
shown in Figs. S2(b-e), the remarkable phenomenon
observed is that PU composites can recover to their
original shape without any distinct plastic deformation
after unloading stress. This can be associated with the
deformable nature of SiR and GO, which could allow PU
composites not to undergo plastic deformation when
compressed by a certain external force at 80% compression
strain. Therefore, the PU composites will not undergo
plastic deformation during the compression process, which
is verified in the cyclic compression testing of PU
composites shown in Figs. 2(b–e). It needs to be noted
that the maximum compression stress slightly decreases
during the ten loading-unloading cycles. This may be
associated with the compression of the SiR coating or SiR-
GO coatings, causing micro-cracks to emerge and spread
on the surface of PU composites during the compression
process. Correspondingly, the micro-cracks would exert a
negative influence on the mechanical performance of PU
composites. This is consistent with reported work wherein
the compressive stress of SiR coated PU foam showed a
slight decrease, by 5%-10%, after the compression test
[32].

A comparison of the maximum compressive stress of PU
and PU composites is plotted in Fig. 2(f). It can be
observed that the maximum compressive stress of
PU@SiR, PU@SiR-GO 0.25%, PU@SiR-GO 0.50%,
and PU@SiR-GO 1.00% are 1.93, 2.01, 2.08, and
2.24 MPa, respectively. All PU composites exhibit much
higher compressive stress than that of pristine PU foam
(27.7 kPa). This indicates that the deposition of SiR or SiR-
GO coating can greatly improve the mechanical properties
of PU composites. Notably, compared with PU@SiR, the
compressive stress of PU@SiR-GO further increases with
the incorporation of GO. The SiR contains a large amount
of phenyl group, which is well known for its affinity with
graphene sheets by p–p interaction. When SiR is mixed
with GO sheets, it could be readily intercalated into the
layer spacing of the sheets. Moreover, the high shear force
during the stir process can produce the formation of p–p
stacking and thus significantly enhanced the sheet/matrix
interaction. Additionally, the GO nano-sheet itself has
excellent mechanical properties; thus, the compressive
stress exhibits a steady increase with increasing GO
content. This is consistent with reported work in which the
presence of GO can greatly improve the mechanical
properties of composites [49]. In summary, the mechanical
properties of PU foam composites are enhanced through
coating with SiR on the skeleton surface without
significantly reducing the elasticity.

3.3 Thermal stability

To evaluate the impact of incorporating GO into SiR, TGA
was performed to investigate the effect of SiR-GO coating
on the thermal properties of PU foam composites under N2

atmosphere. The TGA and derivative thermogravimetric
analysis (DTG) curves of PU and PU foam composites are
shown in Figs. 3(a) and 3(b), respectively. For pristine PU
foam, two thermal degradation steps were observed from
the TGA and DTG curves. The first stage shows
approximately 24.94% mass loss in the temperature

Fig. 3 (a) TGA and (b) DTG curves of pristine PU foam and PU foam composites.
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range of 180 °C–300 °C (peak maximum at 288 °C), which
can be ascribed to the liberation of diisocyanatos from the
depolymerization of urethane and the disubstitution of urea
groups. The second stage can be attributed to the
decomposition of the remaining polyether chain [50],
which shows approximately 49.04% mass loss in the
temperature range of 350 °C–440 °C (peak maximum at
378 °C).
After coating the SiR, the PU@SiR composites

exhibited three-stage decomposition behavior. The first
degradation stage occurred between 215 °C and 345 °C,
the temperature at the maximum weight loss rate was
314 °C and the weight loss was 14.91%. The thermal
weight loss can be attributed to the production of water,
which was generated from the condensation reaction of Si-
OH groups [51]. The second stage of thermal degradation
occurred between 345 °C and 495 °C, the temperature at
the maximum weight loss rate was 400 °C and the weight
loss was 24.27%. The weight loss can be ascribed to cyclic
oligomer materials and cage-like small molecules derived
from the “trickle” degradation of Si-OH groups. The third
stage of thermal degradation occurred between 525 °C and
615 °C, the temperature at the maximum weight loss rate
was 568 °C and the weight loss was 9.88%, which can be
considered the weight loss caused by the breakage of
Si-CH3, Si-Ph, and other small molecules [52]. The
detailed data including initial decomposition temperature
(T5%), the maximum decomposition rate (Rmax), the
temperature at maximum decomposition rate (Tmax), and
the residue mass percent after heating to 800 °C are
summarized in Table 1.
Compared with the TGA curve of PU, the T5% of

PU@SiR (272 °C) presents a rightward shift of approxi-
mately 19 °C compared to PU (253 °C). The Rmax of
PU@SiR foam decreases from an Rmax of -1.575 to
-0.293%$min–1 and the Tmax of PU@SiR (405 °C)
increased by 27 °C compared to the pristine PU
(378 °C). Furthermore, the residue mass of PU@SiR
after TGA is 46.02%, which is much higher than that of
pristine PU (15.75%). Moreover, after incorporation of
GO, all PU@SiR-GO composites exhibit similar three-
stage decomposition behavior with PU@SiR. The T5% of
PU@SiR-GO 0.25%, PU@SiR-GO 0.50%, and PU@SiR-
GO 1.00% presented a rightward shift of 23 °C, 27 °C and
34 °C, respectively, compared to PU (253 °C). The Rmax of
PU@SiR-GO composites begins to decrease sharply after

coating with the SiR-GO layer. Rmax further decreases
with increasing GO content and finally reaches a minimum
rate at -0.213%⋅min–1 for PU@SiR-GO 1.00%. Corre-
spondingly, the Tmax of PU foam composites increased by
51 °C, 57 °C, and 62 °C compared to PU@SiR (405 °C),
respectively. Furthermore, the residue mass of PU@SiR-
GO 0.25%, PU@SiR-GO 0.50%, and PU@SiR-GO
1.00% after TGA are 51.28%, 55.01%, and 59.19%,
respectively, which is much higher than that of PU@SiR
(46.02%).
The abovementioned results indicate that incorporation

of GO into SiR-GO coating can further enhance the
thermal stability of PU foam, and the SiR-GO coated PU
foam composites exhibit increased stable thermal stability
with increasing GO content. The reason for this increased
stability can be explained by the fact that GO contains
polar OH and COOH groups, and GO backbones consist of
polar Si–O units. The GO easily absorbs the polar Si–O
bond, resulting in the formation of physical cross-linking
points, which would increase the rigidity of siloxane
chains and thus hinder the degradation of siloxane chains
[53]. Additionally, GO can form a GO-SiR network in the
SiR matrix, which acts as a barrier to inhibit the emission
of volatile degradation products [54]. Therefore, the
presence of the SiR-GO coating showed a synergistic
effect on improving the thermal stability of PU foam
composites.

3.4 Flame retardancy

The incorporation of a SiR-GO hybrid coating can
significantly enhance the thermal stability of PU compo-
sites. To better understand its role and how SiR-GO
coating can protect the PU foam, the combustion behavior
of PU and PU foam composites were investigated by a
vertical combustion test. The combustion process of the
composites is shown in Fig. 4. As shown in Fig. 4(a), when
the pristine PU foam is ignited by an alcohol burner within
1 s, then removed; the flame quickly spreads to the entire
sample, yielding a large amount of smoke and dripping
molten mass. The sample is completely combusted within
3 s (see Movie S1 in ESM). Comparatively, in Fig. 4(b),
the PU@SiR sample is exposed to the fire source for 5 s,
and the flame spreads to the entire sample, accompanied by
a large amount of smoke but without molten dripping mass
(see Movie S2 in ESM). The PU@SiR sample is

Table 1 The detailed data of PU and PU composites

Specimen T5%/°C Rmax /(%∙min–1) Tmax/°C Residue/%

PU 253 -1.575 378 15.75

PU@SiR 272 -0.293 405 46.02

PU@SiR-GO 0.25% 276 -0.243 456 51.28

PU@SiR-GO 0.50% 280 -0.224 462 55.01

PU@SiR-GO 1.00% 287 -0.213 467 59.19
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completely combusted with the combustion time extending
to 31 s, indicating that the SiR coating has a positive effect
in reducing the flammability of the PU foam. Figure 4(c)
shows the combustion process of PU@SiR-GO 0.25%
when it is exposed to the fire source for 5 s. A phenomenon
similar to the PU@SiR sample occurs for PU@SiR-GO
0.25%. Still, the combustion time is prolonged to 40 s (see
Movie S3 in ESM), which indicates that incorporating GO
into SiR can improve the fire resistance of PU foam
composites.
To verify the role that GO plays in improving flame

retardancy, the combustion process of PU@SiR-GO
0.50% and PU@SiR-GO 1.00% were monitored. The
digital photos in Fig. 4(d) show that PU@SiR-GO 0.50%
is on fire for 5 s and then the fire source is removed.
Although the fire still spread quickly to the entire sample,
the combustion trend becomes weak after the sample
leaves the fire source and is self-extinguished after 11 s
(see Movie S4 in ESM). After careful observation, white

ash appears to have been generated on the composite
surface. A similar phenomenon was also observed in the
combustion process of PU@SiR-GO 1.00%. As shown in
Fig. 4(e), after the PU@SiR-GO sample was removed from
the fire source after exposure to fire for 5s, the sample self-
extinguished within 5 s (see Movie S5 in ESM). It is noted
that, the self-extinguishing time is 6 s shorter than that of
PU@SiR-GO 0.50%, indicating that the flame retardancy
of the PU composite increases with increasing GO content.
To further evaluate the flame retardancy of PU

composites, cone calorimetry tests were carried out to
provide comprehensive insight into the fire risks via a
series of parameters such as HRR, total heat release (THR),
total smoke release (TSR), mass loss rate (MLR), and char
content. The results are shown in Fig. 5.
As shown in Fig. 5(a), the peak HRR of PU is

223 kW∙m–2. After coating with SiR or SiR-GO, the
HRR values of PU@SiR, PU@SiR-GO 0.25%, PU@SiR-
GO 0.50%, and PU@SiR-GO 1.00% drastically decreased

Fig. 4 Vertical combustion tests of (a) pristine PU, (b) PU@SiR, (c) PU@SiR-GO 0.25%, (d) PU@SiR-GO 0.50%, and (e) PU@SiR-
GO 1.00%.
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by 50.0%, 61.2%, 64.2%, and 65.8%, respectively,
compared with that of the PU foam. PU burned completely
in 67 s, and PU@SiR burned completely in 100 s,
indicating that the PU@SiR has improved anti-combustion
performance. PU@SiR-GO 0.25%, PU@SiR-GO 0.50%,
and PU@SiR-GO 1.00% completed combustion in 120,
133, and 140 s, respectively. The longer burning time,
compared to PU@SiR, shows that graphene can improve
the flame retardancy of PU composites. With reference to
the THR curves shown in Fig. 5(b), the THR curve of
PU@SiR presents a higher value than that of PU. This
could be attributed to the intrinsic flammability of the SiR
coating due to a plentiful number of combustible groups
like methyl and phenyl.
The mass of coated SiR is two times that of PU foam,

thus the PU@SiR released heat at a rate during combus-
tion. We have previously reported a similar phenomenon
[32]. With reference to the THR curves of PU@SiR-GO
composites, the THR values of PU@SiR-GO 0.25%,
PU@SiR-GO 0.50%, and PU@SiR-GO 1.00% are lower
compared with that of PU@SiR, indicating the incorpora-
tion of GO into SiR can decrease the THR values of
the composite. Furthermore, The THR values present a
further decrease with increasing GO content. The THR

value of PU@SiR-GO 1.00% decreases to a minimum of
6.2 MJ⋅m–2. Meanwhile, the TSR curves of PU and PU
composites in Fig. 5(c) display similar THR curve results.
The TSR of PU@SiR is the highest among all samples,
even larger than pristine PU. After incorporating GO into
SiR, the TSR curves of PU@SiR-GO 0.25%, PU@SiR-
GO 0.50%, and PU@SiR-GO 1.00% start to decrease.
However, for PU composites with low GO content, like
PU@SiR-GO 0.25% and PU@SiR-GO 0.50%, the TSR
values are still larger than that of PU.When the GO content
climbs to 1.00%, PU@SiR-GO 1.00%, the lowest peak of
TSR is present among the samples, indicating that smoke
toxicity is reduced during the combustion process. This
can be ascribed to the incorporation of graphene, which
can provide a so-called “tortuous path” effect that
significantly alters the diffusion path of pyrolysis products
and promotes the formation of a compact, dense, and
uniform char layer in condensed phase during the
combustion of the polymer matrix. Furthermore, GO
may absorb polycyclic aromatic hydrocarbon (PAH)
species, and these active PAH species propagate on the
graphene that serves as a template of micro-char.
Eventually, PAH are converted to carbon on graphene
[55]. Under the combination of these two actions, the

Fig. 5 (a) HRR, (b) THR, (c) TSR, and (d) mass loss curves of pristine PU foam and PU foam composites.
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production of toxic smoke is reduced. As shown in MLR
curves in Fig. 5(d), the residue mass of PU is nearly zero,
indicating that no char is formed during PU combustion.
After coating SiR or SiR-GO, the residue mass of
PU@SiR, PU@SiR-GO 0.25%, PU@SiR-GO 0.50%,
and PU@SiR-GO 1.00% PU composites increase to
34.9%, 47.9%, 51.7%, and 55.4% respectively. This is
consistent with the results in Figs. 6(a–e), which show
photographs of PU and PU composites after cone
calorimetry tests. Figure 6(a) shows no remaining residue,
implying that the PU foam combusted completely. Figure

6(b) shows that the residue of PU@SiR is hoary and
deformed under fire attack. After the incorporation of GO,
the residue of PU composites is markedly different than
that of PU@SiR. As shown in Figs. 6(c–e), all the residues
keep their initial shape. Apart from the residue of
PU@SiR-GO 0.25% in Fig. 6(c), which is cracked though
not severe, the residue of PU@SiR-GO 0.50% and
PU@SiR-GO 1.00% can keep their integrated structure.
The results of LOI for all samples are summarized in

Fig. 6(f). The LOI of PU foam increases from 14.6% to
24.8% after coating with SiR. After incorporating GO, the

Fig. 6 Residues after conical calorimeter testing of (a) pristine PU, (b) PU@SiR, (c) PU@SiR-GO 0.25%, (d) PU@SiR-GO 0.50%, and
(e) PU@SiR-GO 1.00%; (f) LOI of pristine PU and PU composites.
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LOI of PU@SiR-GO 0.25%, PU@SiR-GO 0.50%, and
PU@SiR-GO 1.00% composites further increase to 26.2%,
28.1%, and 29.8%, respectively. The PU composites
gradually evolve to become difficult-to-combust material
from easy-to-combust material. Our results confirm that
the presence of SiR-GO coating can significantly enhance
the flame retardancy of PU composites with increasing GO
content.

3.5 Flame-retardant mechanism analysis

To reveal the flame-retardant mechanism of the hybrid
SiR-GO coating, the residual char of PU@SiR-GO 1.00%
composite was investigated. In particular, the outstanding
flame retardancy of this sample during the combustion
process was considered. The components inside and
outside the skeleton surface were characterized by FTIR
spectra, as shown in Fig. 7(a). The combusted PU@SiR-
GO composites maintain their structural integrity (see Fig.
7(b)). After carefully cutting the PU@SiR-GO composites
with a blade, the inside zone exhibits a good condition,

though appearing dark, which is likely due to the presence
of GO nano-sheets. Although both the outside and inside
zones keep the integrity and dark appearance, it is worthy
to note that white powders are found outside the skeleton
surface but not inside. To clarify the composition of this
white powder, the white powder was carefully collected
and characterized using FTIR and XRD. The red curve in
Fig. 7(a) is the FTIR spectrum of the white powder. Two
distinct peaks were observed: one peak at 1080 cm–1

corresponds to the stretch vibration of the Si-O-Si bond,
and the other peak at 794 cm–1 corresponds to the stretch
vibration of the Si-C bond. Meanwhile, the stretching
vibration of the C-H band at 2980 and 2880 cm–1 is not
detected, indicating the SiR has completely decomposed
under thermal attack. The XRD curve obtained for the
white powder is plotted in Fig. S3 (cf. ESM); a diffraction
pattern peak at approximately 2q = 23°-24° was detected,
which can be attributed to the diffraction peak of
amorphous SiO2 [56]. These results further confirmed
that the white powder layer is mainly composed of nano-
silica, which is likely formed during combustion. The

Fig. 7 (a) FTIR curves of PU-SiR-GO 1.00% after the combustion test at the outer and inner zones; (b) cross-sectional photo of PU-SiR-
GO 1.00% after the combustion test; (c) Raman curves of PU@SiR-GO 1.00% after the combustion test at the outer and inner zones. SEM
image of PU@SiR-GO 1.00% at (d) the sectional edge and with EDS after the combustion test at the (e) silica layer, (f) inflated layer, and
(g) SiR-GO layer. (h) Schematic illustration of the combustion process of PU@SiR-GO 1.00%.
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green curve in Fig. 7(a) reflects the inner zone of PU@SiR-
GO 1.00% after combustion. The bonds at 3368, 2968,
1011, and 1269 cm–1 are assigned to the stretch vibration of
N-H, C-H, Si-O-Si, and C = C bonds, respectively. The
peak at 1431 cm–1 is the vibration of the aromatic ring, and
1269 cm–1 conforms to the symmetric deformation
vibration of Si-CH3. The bands at 763 cm–1 and 696
cm–1 are in accordance with C-H planar swing vibration
and Si-C stretch vibration, respectively. The presence of
N-H and Si-CH3 indicates that the inner zone does not
show an evident thermal degradation of SiR and PU, where
the structural integrity and composition are preserved well.
To clarify whether GO has a chemical reaction during

combustion, Raman spectroscopy was carried out on the
outside and inside regions of the PU composites (see
Fig.7(b)) after combustion. The results are shown in
Fig. 7(c), where the red and green curves correspond to the
outside and inside of the PU composites, respectively. The
two characteristic bands at 1340 cm–1 and 1560 cm–1

correspond to the characteristic D and G peaks, respec-
tively. From the Raman spectra, the intensity ratio values
of the D and G peaks (ID/IG) are calculated as 0.954 and
1.103 for the inside and outside regions, respectively. This
shows a side defect in the graphene structure [57].
Compared to the ID/IG value of the inside region of the
PU composites, the ID/IG value of the outside region
decreased, implying the reduction of GO into reduced GO
(RGO) [58] and transformation of GO into char [59].
Furthermore, after cutting the PU@SiR-GO 1.00%
composites after combustion, SEM was conducted to
observe the morphologies of residual char at the sectional
edge. As shown in Fig. 7(d), three distinct layers are
present. The outside layer is a porous nano-silica and char
layer, which was discussed earlier according to the FTIR
and XRD results. The sandwich-like layer is a porous
inflated layer, which is mainly composed of porous nano-
silica, not-fully decomposed SiR, GO, and thermally
reduced RGO. This layer plays the role of a buffer zone
that inhibits flammable and volatile organic compounds,
which support combustion, from being transported to the
surface. The layer also can suppress the diffusion of
oxygen from outside to inside the PU composite.
The inside layer is an undecomposed SiR-GO layer, and

the high-magnification SEM image of the outside region
clearly reflects the presence of the three layers in Fig. S4
(cf. ESM). Furthermore, the SEM-EDS results for the three

layers are shown in Figs. 7(e–g) and the detailed contents
of Si, C, and O elements are summarized in Table 2. From
the inner SiR-GO layer to the sandwich-like inflated layer
and outside the silica layer, the content of Si and O
increases, whereas the C content decreases.
Based on the compositional characterization of the three

layers, including the Si, O, and C content from inside to
outside regions, the possible formation mechanism of a
protective barrier layer and the flame-retardant mechanism
for PU@SiR-GO composites can be speculated (see Fig. 7
(h)). Once the SiR-GO coated PU encounters fire, the SiR-
GO coating is transformed into a compact hybrid-silica
char protective layer in the outside zone. During the
combustion process, the organic components in SiR
decompose, and compact nano-silica is produced. As the
combustion proceeds, the GO is thermally reduced into
RGO [58] and transformed into char [59]. This is
confirmed from the decrease of ID/IG in Fig. 7(c) and the
detection of C in Fig. 7(e).
Considering the GO content is 1.00% of the initial SiR

weight, it is reasonable to assume that Si and O are the
dominant elements in the outside region of the PU
composites. The porous nano-silica and RGO char
produced as a protective layer can synergistically suppress
the transportation of heat and oxygen. Undoubtedly, the
porous nano-silica and RGO char layer are not compact
enough to completely inhibit the heat transfer and
combustible gas diffusion due to the porous structure.
The thermal degradation of SiR would not terminate, but
the degradation rate would slow down due to the presence
of the barrier. Therefore, the inflated layer in the sandwich,
which is mainly composed of porous nano-silica, would
form not-fully-decomposed SiR, GO, and thermally
reduced RGO char. The inner layer is the initial SiR-GO
coating, which can be confirmed by the inner structural
integrity and composition analysis comparison (see
Figs. 7(f–g)). Furthermore, no white powder is detected,
implying SiR did not decompose into silica. Therefore,
under the combined effects of nano-silica and RGO char in
the outer layer, and the physical barrier of the inflated layer,
heat and oxygen transport from outside of the foam is
inhibited, and the supply of combustible degradation
products is suppressed to avoid further combustion.
Therefore, the inside layer of PU@SiR-GO is well
protected, and the PU@SiR-GO composites exhibit
excellent flame retardancy.

Table 2 Elemental analysis of PU@SiR-GO 1.00% at outside, inflated, and inside layer regions before and after the combustion test

PU@Si-GO 1.00%
C/% O/% Si/%

wt atom wt atom wt atom

Outside layer after combustion 3.32 5.43 56.92 63.93 39.76 30.64

Inflated layer after combustion 29.14 28.44 47.29 56.92 32.19 24.27

Inside layer after combustion 47.31 53.08 27.55 26.27 25.14 20.65

Outside layer before combustion 47.65 53.26 28.06 26.35 25.29 21.45
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4 Conclusions

In this article, we developed a facile and effective strategy
to fabricate highly flame-retardant and flexible PU foam
composites. The approach first involves the incorporation
of GO nano-sheets into a SiR solution, then dipping the PU
foam into the SiR-GO solution, removing and curing. Our
results show the SiR-GO coating improves the thermal and
mechanical stability of the PU foam composites, exerting a
synergistic effect on the enhancement of the flame
retardancy with increasing GO content. When the GO
content was 0%, 0.25%, 0.50%, and 1.00%, the HRR of
the PU composites significantly decreased by 50.02%,
61.18%, 64.19%, and 65.84%, respectively, and the LOI
increased from the pristine foam value of 14.6% to 24.8%,
26.2%, 28.1%, and 29.8%, respectively. SEM analysis
showed that three layers are formed after the samples self-
extinguish. The outer layer is a porous nano-silica and char
layer that effectively suppresses heat transport and oxygen
diffusion. The sandwich-like layer is an inflated porous
layer that can accommodate flammable, volatile organic
compounds, and act as a buffer zone to inhibit the transport
of these compounds. This layer also suppresses the
diffusion of oxygen from outside of the PU composites.
Therefore, the inside SiR-GO layer is well preserved
without thermal decomposition. This study demonstrates,
for the first-time, that incorporating GO into SiR can
generate porous nano-silica/char and inflated layers during
the combustion process, which suppresses heat transport
and diffusion of flammable, volatile organic compounds,
resulting in PU@SiR-GO composites with excellent flame
retardancy.
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