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A B S T R A C T   

Flammability feature of combustible polymer foam materials often causes massive casualties and property loss, 
and it is therefore urgent to develop a green and high-efficiency strategy that can reduce or avoid the fire blaze 
disasters. Here, an extremely simple water-based coating approach is proposed to prepare mechanically flexible, 
super-hydrophobic and flame-retardant polyurethane (PU) foam nanocomposites with high-efficiency fire 
warning response. The hybrid ammonium polyphosphate (APP)/graphene oxide (GO) is decorated onto the PU 
foam surface via electrostatic interactions followed by surface silane functionalization. Interestingly, the silane 
and APP molecules present selective distributions on the GO and thus form micro-/nano- rough surface with low 
water affinity to achieve super-hydrophobicity (e.g. water contact angle of ~158.4�). Meanwhile, such hybrid 
APP/GO/silane coatings produce synergistic flame resistance for the PU foam materials, which is attributed to 
the formation of compact and uniform P-Si elements co-covered rGO layer on the foam surface. Further, the 
hybrid coatings can provide high-efficiency fire warning response under complicated conditions, e.g. flame 
detection response time of only ~2.0 s and excellent fire early warning time in pre-combustion (e.g. 11.2 s at 
300 �C). Therefore, this work provides new perspectives to design and develop multi-functional coatings for fire 
safety and prevention applications.   

1. Introduction 

Polymer foam materials with unique porous structure and 
outstanding physical properties (e.g. low density, mechanical flexibility 
and thermal insulation) show wide applications in various fields such as 
aerospace, transportation, building, etc. [1,2]. Unfortunately, most of 
them are flammable as other combustible materials (e.g. wood and 
cotton), and they can be easily ignited once encountering a flame source 
(flame, cigarette, glow wire, etc.) due to their low ignition temperatures 
(300–500 �C) and rapid fire spread speed [3]. These fire issues have 
caused massive casualties and irreparable property loss in fire accidents, 
for example, London’s Grenfell Tower fire on June 14 2017, Brazil Na-
tional Museum Fire on September 2 2018, and Notre-Dame de Paris fire 

on April 15 2019. Therefore, it is imperative and strongly needed to 
reduce and even avoid the fire disasters of the combustible polymer 
foams without altering their intrinsic porous structure and excellent 
mechanical flexibility [4,5]. 

To reduce or avoid the fire risk of the polymer foam materials, 
traditional strategy is to modify the polymer chain with halogen, 
phosphorus compounds, and flame-retardant fillers (e.g. clay, carbon 
nanotubes, graphene) [6–9]. Normally, the presence of high content of 
halogen, phosphorus and/or nitrogen compounds or inorganic fillers is 
effective to inhibit the flammability of these combustible polymer foams 
[10–14]. However, incorporating these compounds or flame-retardant 
fillers into the polymer matrix inevitably reduce other important prop-
erties (density, mechanical flexibility and strength) [6,15,16], even 
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produce negative effect on environmental and safety concerns due to the 
toxic gas release, which cannot meets an ideal fire hazard control [17, 
18]. Moreover, many harmful solvents and surface modification were 
widely used during the fabrication of the flame-retardant polymer foam 
composites, and the complicated processing and solvent evaporation 
used also limit their scale-up production for the practical use. 

Comparatively, the surface coating strategy is promising to over-
come the above problems and thus prepare flame retardant polymer 
foam composites without significantly altering the unique structure and 
performance [19–24]. Typically, layer by layer (LbL) assembly approach 
of halogen-free nacre-like coatings on the foam surface has been widely 
used for fabricating the mechanically flexible and flame-retardant 
polymer foam composites [20]. These multi-layered flame-retardant 
coatings are usually constructed on the foam skeleton by repeating an 
alternating submersion in an anionic solution and a cationic solution 
with washing between each solution [25]. Especially, the strong inter-
facial interactions in multi-layered coatings were paid more attention, 
and various complicated interactions, including ionic interactions, 
hydrogen bonding, and covalent bonding [14,20,26–32], have been 
developed to achieve stable and reliable protective layer, thus inhibiting 
pyrolysis and exothermic reaction of the combustible foams [11]. Un-
fortunately, to obtain a satisfactory flame resistance, the LbL procedure 
is usually complicated and even involves in solvents and repeatable 
coating processing, which are harmful and time lengthy, limiting the 
promising scale-up application in engineering. Therefore, it is strongly 
needed to develop a green and facile surface coating strategy to obtain 
high flame-retardant efficiency, ideal fire warning response and low 
impact on the intrinsic properties for combustible polymer foam 
materials. 

In the present work, we develop an extremely simple and environ-
mentally friendly approach to construct green and efficient flame- 
retardant hybrid coatings on combustible materials via using hybrid 
ammonium polyphosphate (APP)/graphene oxide (GO) (APP@GO) 
coatings followed by a silane surface modification. The flexible poly-
urethane (PU) foam was used as a typical combustible substrate. The 
fabricating process is based on water-based solution, and fluorine- 
containing silane molecules modified hybrid APP@GO (APP@GO-F) 
coating is well covered and co-assembled onto the foam skeleton via the 
effective electrostatic and covalent bonding interactions. The structure, 
morphology, surface hydrophobicity, mechanical properties and flame 
resistance of the composites were systematically investigated and 
analyzed. More importantly, the APP@GO-F coatings show sensitive 
temperature-responsive resistance change for flame or abnormal high- 
temperature attack, showing ideal fire warning alarm response to 
monitor the critical fire risk of combustible polymer foams. Finally, the 
related flame resistant and fire warning mechanisms were analyzed and 
proposed. 

2. Experimental 

2.1. Materials 

Graphite powder (500 meshes) and APP particles were purchased 
from Shanghai Yi Fan Graphite Co. Ltd, and Jinan Enter Chemical Co. 
Ltd., respectively. Some oxidants and acids, e.g. concentrated sulfuric 
acid (H2SO4, �98 wt%), phosphorus pentoxide (P2O5), potassium per-
sulfate (K2S2O8), hydrochloric acid (HCl, 35 wt%), potassium perman-
ganate (KMnO4), hydrogen peroxide (H2O2), were provided by 
Sinopharm Chemical Reagent Co. Ltd., China. Commercial PU foam was 
provided by Hangzhou Guangsheng Foam Plastic Company. Tetrahy-
droperfluorodecyltrimethoxy silane (TFTS, >98%) was from Fujian 
Silicon Chemistry Co., Ltd., China. All materials were directly used 
without any purification. 

2.2. Preparation of hybrid APP@GO-F coatings on PU foam surface 

GO sheets were synthesized by a modified Hummers’ method as 
reported in previous work [33–35]; and GO aqueous solution with 
different concentrations of 1–20 mg mL� 1 was achieved for use. The 
water-based hybrid APP@GO coatings on PU foam surface were pre-
pared by the following steps. First, APP was dispersed into water with 
the help of sonication for 30 min, and then mixed with GO/water so-
lution (~5 mg mL� 1) by using simple stirring for 10 min to obtain a 
stable APP/GO/water suspension. Noted that the ration of APP and GO 
sheets in the suspension was about 3:1 in weight. Second, the washed PU 
foam (using ethanol, size of about 5.0 � 5.0 � 3.0 cm3) was then dipped 
into the above hybrid solution and then dried at ~80 �C for 6 h. Finally, 
the samples were put into a TFTS/water solution with a small amount of 
HCl solution for 30 min; and after a low-temperature drying treatment at 
80 �C for 4 h, the PU-APP@GO-F composites were fabricated. For 
comparison, the PU-APP@GO composites were fabricated according to 
the above procedure. 

2.3. Characterizations 

Scanning electron microscopy (SEM) was used to examine the 
microstructure and surface morphology of PU foam composite samples 
by using Sigma-500, ZEISS; and an energy dispersive X-ray spectroscopy 
(EDS) detector was also equipped to analyze the related elements and 
their distribution. Fourier transform infrared spectra (FTIR) of various 
samples were performed on a FTIR spectroscopy (Bruker Alpha-T) using 
KBr pellets method, and the range was from 4000 to 400 cm� 1. X-ray 
photoelectron spectroscopy (XPS) was performed to analyze the chem-
ical structure in the various samples by using an ESCALab220i-XL (VG 
Scientific). Themogravimetric analysis (TGA) of various samples was 
performed by a TA Instruments Q500 (temperature range of 25–800 �C 
and heating rate of 10 �C min� 1 in the air atmosphere). 

The surface hydrophobic performance of the PU foam before/after 
the hybrid coating treatment was determined with a DSA30 CA analyzer 
(Kruss, Germany). Compression tests of the PU-APP@GO-F sample were 
conducted using a TA-Q800 DMA instrument (maximum strain of 80% 
and strain rate of 3 mm min� 1). The fire retardant properties of pure PU 
foam and the PU-APP@GO-F samples were measured according to the 
UL94 standardized vertical burning test. To disclose the related flame 
retardant mechanisms, the surface morphologies of the PU-APP@GO-F 
sample before and after the burning test were examined and analyzed 
by using the SEM (Sigma-500, ZEISS). To construct the fire alarm sensor, 
the sample was directly connected with an alarm light and an electrical 
source by using wire. Electrical resistance change of the sample was real- 
time measured with a two-electrode method using a picoammeter 
(Keithley 6487 Instruments) during the flame attack and high- 
temperature conditions. 

3. Results and discussion 

3.1. Structural characterizations and analysis 

The schematic illustration of fabricating process for the water-based 
hybrid APP/GO/TFTS coatings on PU foam surface is shown in Fig. 1. 
Based on a simple mechanical mixing, the APP and GO sheets can be 
uniformly dispersed in water without obvious precipitate even after one 
week (not shown here). Normally, surface charges of GO sheets are 
negative originated from the ionization of the phenolic hydroxyl and 
carboxylic acid groups [36], which are expected to interact with APP 
particles (containing positive charges on their surface in Fig. 1) and form 
a strong electrostatic interaction between them, thus producing the 
stable suspension in water solution. After employing a simple 
water-based dip-coating and surface treating procedure, the hybrid 
APP@GO-F coatings can be well attached onto the PU foam surface, and 
the TFTS molecules can react with GO sheets to form a stable 
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hydrophobic surface on the foam skeleton [23,37,38]. Such hybrid 
APP@GO-F coatings can not only endow the PU foam materials with 
excellent flame resistance and super-hydrophobicity, but also provide 
high-efficiency fire alarm response, which will be in-detail discussed 
later. Clearly, the water-based hybrid APP/GO/TFTS coatings on PU 
foam used in this work are effective and extremely simple, and this 
approach is also quite different from the traditional halogenated or 
phosphorus compounds (after being incorporated into the matrix) and 
multi-layer flame-retardant coatings (using the complicated LbL 
strategy). 

The structural characterizations (including FTIR, TGA and XPS) of 
various materials and PU foam modified with APP@GO-F were con-
ducted to understand the complicated interactions among the hybrid 
coatings. Fig. 2a presents the FTIR spectra of various materials (TFTS, 
APP and GO), the as-prepared PU-APP@GO and PU-APP@GO-F. As 
expected, the characteristic features of various materials in the FTIR 
spectra can be clearly observed, e.g. C-F group at ~1200 cm� 1 and C-H 
group at 2975 cm� 1 for TFTS molecules, typical peaks at 600-1000 cm� 1 

and P¼O group at ~1240 cm� 1 for the crystallized APP molecules, C¼O 
at 1725 cm� 1 and O-H group at ~3420 cm� 1 for the GO sheets [22], 
respectively. Comparatively, the PU-APP@GO-F sample exhibits typical 
peaks at 3280, 2975, 1240 and 1200 cm� 1, which are ascribed to the 
stretching vibration of the above characteristic peaks for N-H, C-H, P¼O 
and C-F groups, respectively. Furthermore, the disappearance of peaks 
at ~3400 cm� 1 of O-H group and the appearance of 1075 cm� 1 of Si-O-C 
group suggests the formation of chemical bonding between the TFTS 
molecules and the GO sheets. These findings suggest that the hybrid 

APP@GO-F coatings were successfully coated onto the PU foam surface 
via forming multiple non-covalent and covalent interactions among 
them. 

XPS spectra were employed to further analyze the surface chemical 
structure of the hybrid coatings on the PU skeleton. As shown in Fig. 2b, 
compared to the GO sheets with two characteristic peaks of O1s (ca. 533 
eV) and C1s (ca. 286 eV), the XPS spectra of the PU-APP@GO sample 
presents two new typical peaks, i.e. P2p at 134 eV and N1s at 401 eV. In 
contrast, after surface functionalization, two typical peaks at Si2p (ca. 
103 eV) and Si2s (ca. 153 eV) originated from the TFTS molecules are 
visible in the XPS spectrum of PU-APP@GO-F sample. In addition, the 
PU-APP@GO-F sample shows an obvious increase in the C/O atomic 
ratio when compared with the PU-APP@GO sample since the TFTS 
molecules have a relatively high content of C element (see Fig. 1). The 
C1 spectrum of the GO and PU-APP@GO-F samples with peak-fitting 
curves show obvious differences. Typically, six chemically shifted 
components including sp2 C¼C (~284.5 eV), sp3 C-C (~284.7 eV), C-OH 
(~285.3 eV), C¼O (~287.3 eV), C-O-C (~286.7 eV) and C(¼O)O 
(~289.1 eV) can be obtained for the GO sheets (Fig. 2c) [39]. 
Comparatively, after TFTS surface modification, the appearance of Si-C 
(~284.2 eV) and C-F2 (~291.2 eV) as well as C-F3 (~293.3 eV) in 
Fig. 2d, further suggesting the formation of chemical bonding between 
the GO sheets and TFTS molecules. Moreover, the Si2p spectrum of the 
PU-APP@GO-F samples further demonstrates the effective reaction be-
tween the GO and the TFTS since the Si-O-C at ~102.3 eV was observed 
in Fig. 2e. These above XPS results further confirm that the TFTS mol-
ecules should react with the GO sheet on the PU foam surface, which is 

Fig. 1. Schematic illustration of preparation of water-based hybrid ammonium polyphosphate (APP) and GO coated PU foam nanocomposites (PU-APP@GO-F) via 
using an extremely simple water-based dip-coating and surface treating process. The formation of hybrid APP/GO/silane coatings produces lightweight and me-
chanically flexible PU foam nanocomposite materials with excellent flame resistance and super-hydrophobicity. 
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well consistent with the above FTIR analysis. 
Fig. 2f shows the typical TGA curves of PU foam composites con-

taining various coatings under nitrogen atmosphere. Clearly, all the 
samples start to degrade at 200–250 �C and show almost complete 
degrade composition below 450 �C, which would be attributed to the 
rapid pyrolysis of polymeric molecular chains at a high temperature 
condition [10]. As expected, the presence of only GO coating on the PU 
foam induces the decreased thermal stability, and, for example, the Td10 
(temperature at 10% weight loss) of PU-GO sample decreases obviously 
to be 254.6 �C in comparison with the 276.7 �C for pure PU, which is 
likely due to the thermal decomposition of the hydroxyl and carboxylic 

groups of GO below 200 �C [40]. After using the hybrid APP@GO-F 
coatings, the Td10 of the PU foam sample can be significantly 
improved to be 327.8 �C probably due to the high thermal stability of the 
cross-linked silane molecules [40,41]. It should be noted that the re-
sidual weight of the PU-APP@GO-F is much less than that of the 
PU-APP@GO, e.g. 31.8 wt% for the latter and 25.2 wt% for the former, 
although their Td10 values show quite different tendency. This phe-
nomenon would be attributed to the endothermic pyrolysis of consid-
erable C-F groups of the TSTF molecules at the high temperature. 

The surface morphology and structure of the final PU-APP@GO-F 
samples were examined by SEM and shown in Fig. 3. After coating the 

Fig. 2. Structural characterizations and analysis. (a) FTIR results of various materials and PU-APP@GO-F. (b) XPS results of various materials, (c) C1s XPS spectra of 
GO, (d) C1s and (e) Si2p XPS spectra of PU-APP@GO-F nanocomposites. (f) TGA curves of pure PU foam, PU-APP@GO and PU-APP@GO-F under nitro-
gen atmosphere. 
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hybrid APP/GO/TFTS, the porous structure of the PU foam can be well 
kept in Fig. 3a, and a relatively rough surface can be observed in Fig. 3b 
when compared with the smooth surface of pure PU foam materials (not 
shown here) [42]. Moreover, careful observation of the fractured surface 
suggests that the thickness of the hybrid coating is very thin of only 
~100 nm, as indicated in Fig. 3c. In fact, the thickness of such hybrid 
APP/GO/TFTS coatings is comparable or even less than the thickness 
values of various coating on PU foam reported in previous work [10,14, 
22,27,43–46], e.g. ~400 nm for the chitosan/GO coatings (12 layers, 
13.4 wt%) [27], 344 nm for the poly(acrylicacid) (PAA)/branched 
polyethylenimine/montmorillonite (MMT) coatings (9 layers, 4.8 wt%) 
[14], and ~1000 nm for the polyethylenimine/MMT/PAA coatings (24 
layers, ~3.2 wt%) [43]. Moreover, high-magnification SEM image in 
Fig. 3d discloses that the micro-/nano-rough morphology and some APP 
particles are well attached on the surface are obviously visible on the 
surface. The SEM-mapping results also demonstrate this. As shown in 
Fig. 3e-i, F and P elements exhibit completely different distribution on 
the surface, indicating that the TFTS molecules did not react with the 
APP particles but formed strong bonding with GO sheets. The selective 
distribution of Si and O elements and the relatively uniform distribution 
of N element also support the above analysis. The above findings indi-
cate that, during the surface modification procedure, the GO sheets not 
only form strong electrostatic interactions with APP molecules, but also 
react with the TFTS molecules with long fluorine functional groups on 
the surface, thus changing the surface wettability and flame resistance of 
the PU foam, which will be introduced in the following sections. 

3.2. Surface wettability performance 

Fig. 4 displays the sample images and the corresponding surface 
wettability properties of pure PU foam and PU composites modified with 

hybrid APP/GO and APP/GO/TFTS coatings. Normally, the pure PU 
foam shows a water contact angle (WCA) of ~88.0� (Fig. 4a), similar as 
the reported value in previous work [22]; and the WCA can be slightly 
improved to be 101.7� after using the APP/GO coating (Fig. 4b). As 
expected, the presence of TFTS modification results in the PU foam with 
super-hydrophobic surface and the WCA value is as high as ~158.4�

(Fig. 4c). The excellent super-hydrophobicity of the PU-APP@GO-F 
sample would be ascribed to the micro-/nano-rough surface and the 
hydrophobic groups of TFTS molecules with extremely low water af-
finity [47]. As discussed above, the TFTS molecules not only provide 
surface super-hydrophobicity, but also can react with GO sheets to form 
interconnected network on the foam surface, which would promote the 
structure stability in water. As shown in Fig. 4d, it can be clearly seen 
that the hybrid APP/GO coatings show unstable when immersing the 
PU-APP@GO sample into water for 15 days, and the water gradually 
changes into black due to the detached GO coating. Notably, the surface 
TFTS functionalization produces a stable structure even after squeezing 
the PU-APP@GO-F sample into water for 15 days, further confirming the 
formation of interconnected GO network cross-linked by the TFTS 
molecules. 

3.3. Flame resistance of hybrid APP/GO/TFTS coatings 

Developing a green and facile flame-retardant strategy is highly 
required to reduce the flammability of combustible PU polymer foam 
materials. To evaluate the effect of the water-based hybrid APP/GO/ 
TFTS coatings on affecting the combustion behaviour of PU foam, ver-
tical burning tests (UL94) of pure PU foam and its composites were 
conducted. As shown in Fig. 5a, the pure PU foam can be ignited once 
being exposed a flame source, and the sample shows a rapid combustion 
behaviour accompanied by continuous melt droplets and rapid flame 

Fig. 3. Micro-structure and surface analysis. (a–c) Typical SEM images of PU-APP@GO-F at different magnifications, showing porous structure and thin thickness of 
hybrid APP/GO coating of ~100 nm. (d) Typical surface SEM images and the related EDS mapping results of (e) F, (f) P, (g) Si, (h) N and (i) O, indicating rough 
surface with selective F/P element distribution. 
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spread speed (Movie S1), which easily induces serious fire accidents. In 
only ~6 s, the PU foam sample was completely burnt out (Fig. 5a). Upon 
hybrid APP/GO coatings, the PU-APP@GO sample presents some flame 
resistant and keeps the original shape and size after the burning (see 
Fig. 5b); while the flame still burn through the whole sample with 
obvious and rapid self-propagation, which hardly inhibit the flamma-
bility of the combustible PU foam materials. Interestingly, after using 
the TFTS surface modification, the PU-APP@GO-F sample exhibits 
excellent flame resistance (Fig. 5c). It should be noted that the sample 
cannot be ignited even after being exposed on flame for 10 s and does 
not present both flame propagation and melt droplets phenomena 
(Movie S2), indicating that a synergistic flame effect of hybrid APP/GO/ 
TFTS coatings on PU foam can be achieved. Moreover, the structural 
integrity can be well kept without any size and shape change. The above 
findings demonstrate that the water-based APP/GO/TFTS coatings are 
effective to inhibit the flame propagation and produce flame-retardant 
PU foam composites with synergistic flame retardancy. Similar flame 
resistance of other combustible materials (e.g. cotton and cotton) can be 
obtained after using such hybrid APP/GO/TFTS coatings. To avoid 
redundancy, it is not shown here. 

Supplementary video related to this article can be found at http 
s://doi.org/10.1016/j.compositesb.2020.108017 

To further disclose the excellent flame resistance of the APP/GO/ 
TFTS coatings, the surface structure of the sample after burning were 
examined and shown in Fig. 6. As shown in Figs. 5c–6a, the porous 
structure of PU foam can be kept, and the high-magnification SEM image 
demonstrate that the rGO sheets originated from the GO sheets are well 
covered on the foam surface, and some protective layer seems to be 
attached on the sheets. Meanwhile, most of the APP particles disappear 
after the burning test. SEM-EDS mapping results of the burned surface 

can offer more solid evidences. In Fig. 6b, a rough surface can be 
observed without any APP particles, and the F element partially 
distributed on the sheets in Fig. 3e shows complete disappearance after 
the burning test, confirming the fully thermal decomposition of TFTS 
molecules. Notably, Si and P elements can be found to be uniformly 
distributed on the surface (see Fig. 6b), which is quite different from 
their selective distribution shown in Fig. 3f and g. This suggests that 
during the burning the TFTS molecules in the hybrid APP/GO/TFTS 
coatings would thermally degrade into silicone root [48], and the APP 
particles was also thermally melt and degraded on the sheets, thus 
forming the uniform protective layer to restrict the thermal degradation 
of the GO network (Fig. 6c). Of course, the fluorinated compound in 
TFTS molecules may degrade and release non-inflammable gas to 
interfere the combustion behaviour, but this may be not the main factor. 
As well known, the GO sheets can be completely burnt in the flame [41]; 
while, in this case, the GO network shows excellent flame resistance in 
the hybrid coatings (Fig. 5c). This phenomenon is likely attributed to the 
formation of compact and uniform Si-P flame-retardant char co-covered 
on the sheets, which can inhibit flammable volatiles from diffusing to 
the flame and thus shield the polymer chains from heat and oxygen 
effectively [49]. The burned PU-APP@GO-F sample still shows excellent 
flame resistance even after being exposed in the flame again, which 
further confirm this. On the other hand, the APP molecules with many 
amounts of amine groups would promote the thermal reduction 
behaviour of GO network during the burning process; and this is 
consistent with similar thermal reduction of GO sheets accelerated by 
ethylenediamine at 90 �C reported in Ref. [50]. 

Fig. 4. Surface hydrophobic property and structural stability. Typical digital images and water contact angle values of (a) pure PU foam, (b) PU-APP@GO and (c) PU- 
APP@GO-F. (d) Digital images of PU-APP@GO and PU-APP@GO-F samples after being squeezed in water for different times, showing good structural stability after 
surface TFTS functionalization. 
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3.4. Fire warning alarm response of the hybrid APP/GO/TFTS coatings 

As described in Introduction, it is critically required to reduce and 
avoid these fire disasters of combustible polymer foam materials, espe-
cially in their pre-combustion process [51]. A novel GO-based fire alarm 
sensors developed by our groups provide an alternative to obtain fire 
warning signal below the ignition temperature of most of combustible 
materials [22]. Typically, the sensitive and rapid transition of GO 
network from insulating nature to conductive state at high temperature 
condition can offer rapid flame detection and ideal early warning in 
pre-combustion [52]. In this work, the PU-APP@GO-F samples would be 
ideal materials for constructing novel flame alarm sensor for outdoor 

complicated environments (e.g. strong wind and rain days) since they 
possesses excellent super-hydrophobicity, and good structural stability 
and green flame resistance. 

Fig. 7a shows the flame detecting process of the PU-APP@GO-F 
sample after putting water droplets on the sample surface to simulate 
the rainy environment. The fire alarm sensor constructed was intro-
duced in Experimental section, and the voltage of the electric source 
used is low of ~24 V. Clearly, once encountering a flame attack, the 
hybrid APP/GO/TFTS coatings can release an ultra-fast flame detection 
in only ~2 s (see Movie S3), and the alarm signal always releases even 
after removing the flame source. Furthermore, the PU-APP@GO-F 
sample exhibits excellent cyclic compression, and can recover the 

Fig. 5. Comparison of vertical burning testing processes of (a) pure PU foam, (b) PU-APP@GO and (c) PU-APP@GO-F. Compared with the rapid fire spread and 
complete combustion of pure PU foam in 7s, the presence of hybrid APP and GO coating slightly improves flame resistance without restricting fire spread. After TFTS 
surface modification, the PU-APP@GO-F sample exhibits excellent flame resistance and no fire spread and melt droplets phenomena, and the structural integrity of 
the sample was well kept. 
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original size and shape even after 100 compressive cycles (Fig. 7b). More 
importantly, as shown in Fig. 7c, such PU-APP@GO-F samples before/ 
after the above compressive cycles also present almost same resistance 
change, indicating the stable flame detecting alarm response for the 
interconnected APP/GO/TFTS network. These results imply that the 
flame alarm sensor based on the PU-APP@GO-F would be applicable in 
various complicated environmental conditions, e.g. in heavy rain or 
strong wind days. Further, it is interesting that such rapid flame 
detecting response time (that can trigger the alarm light, corresponding 
to electrical resistance change of ~4 orders of magnitude) of the PU- 
APP@GO-F sample is comparable or even superior to other GO-based 
coatings (Table 1) [22,41,53–57], confirming that the sensitive and 
effective resistance transition was achieved for the hybrid APP/-
GO/TFTS coatings. 

Supplementary video related to this article can be found at http 
s://doi.org/10.1016/j.compositesb.2020.108017 

Beside the ultra-fast flame detection, the above hybrid APP/GO/ 
TFTS coatings can also release an ideal fire early warning signal before 
the combustion, and the applied environmental temperature is usually 
below the ignition temperatures of most combustible materials. Nor-
mally, the PU-APP@GO-F sample is insulating nature at ambient tem-
perature, or exposing it outdoor for one year. Fig. 7d displays the 
resistance changes of PU-APP@GO-F samples under different environ-
mental temperatures. As expected, the PU-APP@GO-F samples show 
excellent flame resistance and obvious electrical resistance change at 
different temperature conditions ranging from 200 to 400 �C investi-
gated. It can be clearly seen that the fire early alarm response time (that 
can trigger the alarm light, as described above) in pre-combustion is 
strongly relative the environmental temperature. It can observed in 
Fig. 7e that the fire warning time of the optimized sensor displays 
obvious decrease from ~115.2 s at 200 �C to 11.2 s at 300 �C and only 
about 3.5 s at 400 �C, respectively. In other word, the higher tempera-
ture can activate much quicker fire warning signal. Considering the fact 
of most combustible materials with low ignition temperatures of 
300–500 �C [3], such rapid fire warning response of the hybrid APP/-
GO/TFTS coatings in the pre-combustion can provide sufficient time to 

deal with the critical fire risk. It should be noted that such 
high-efficiency fire warning response time at 200 �C obtained in the 
PU-APP@GO-F sample is much superior to previous fire alarm sen-
sors/systems (Table 1) [3,22,41,53–61], which can provide ideal early 
warning signal in pre-combustion. This is likely due to the thermal 
reduction of GO network promoted by the APP molecules at high tem-
perature, consistent with the above flame retardant mechanism illus-
trated in Fig. 6c [62]. Therefore, based on the above findings, we believe 
that such sensitive fire alarm sensors based on the PU-APP@GO-F 
sample can be directly used to monitor the critical fire risk in 
large-scale applications. The high-efficiency and rapid fire warning re-
sponses of the hybrid APP/GO/TFTS coatings shows promising in 
widespread fire safety and prevention applications. 

4. Conclusion 

In summary, we developed water-based hybrid APP/GO/TFTS 
coatings on PU foam materials via an extremely simple and 
environmentally-friendly approach to fabricate lightweight, mechani-
cally flexible, super-hydrophobic and flame-retardant PU foam nano-
composites. Multiple non-covalent and covalent interactions among the 
hybrid coatings including APP/GO electrostatic interaction and silane/ 
GO chemical bonding were successfully achieved to construct a stable 
protective coating on the PU skeleton. Interestingly, the silane molecules 
and APP particles showed selective distribution on the GO sheets, which 
produces micro-/nano- rough surface with low water affinity, thus 
endowing the PU foam composites with super-hydrophobicity (e.g. WCA 
of ~158.4�). Furthermore, the presence of the hybrid coatings with 
~100 nm in thickness is effective to restrict the flammability of PU foam, 
and the PU-APP@GO-F composites showed excellent flame resistance, 
which is due to the formation of a well-covered and compact flame- 
retardant rGO layer covered with uniform P-Si elements during the 
burning process. Notably, such hybrid APP/GO/TFTS coatings provided 
high-efficiency and reliable fire warning responses under complicated 
conditions, e.g. flame detecting time of ~2.0 s and rapid fire early 
warning time (e.g. 11.2 s at 300 �C) in pre-combustion. Clearly, the 

Fig. 6. Flame retardant and fire alarm mechanism analysis. (a) SEM images of PU-APP@GO-F samples at different magnifications after the burning test. (b) Surface 
SEM and EDS mapping images of the PU-APP@GO-F after the flame attacking process. (c) Schematic illustration of the structural change of the hybrid APP/GO 
coating and TFTS surface functionalization during the flame attacking process. 
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Fig. 7. Fire rapid detection and early warning alarm response. (a) Demo flame detection process of PU-APP@GO-F after being exposed in a heavy rain, showing 
rapid flame detecting response. (b) Cyclic compressive stress-strain curves and (c) electrical resistance change of PU-APP@GO-F before/after the 100 compressive 
cycles. (d) Resistance changes of PU-APP@GO-F samples under different environmental temperatures and (e) their response time. 

Table 1 
Comparison of material information and fire alarm response among our MPTS-GO paper and other different material systems.  

Substrate materials Coating materialsa Solvents used in 
preparation 

Surface super 
hydrophobicity 

Flame detection response 
time (s) 

Response time at 200 �C 
(s) 

Ref. 

PU foam GO/silicone resin Alcohol Yes 2–3 415 [22] 
Wallpaper HN/GF-GO Water NMb 2 NM [54] 
Wood pulp paper FGO/CNTs Water/acetic acid NM 5 ~240 [55] 
Polypropylene bars GO/FC Water NM ~3 NM [56] 
Melamine sponge GOWR Water No 2 ~298 [57] 
Melamine sponge PVA/AgNO3 Water NM ~12 NM [58] 
Cotton fabrics NPES/MWCNT Alcohol NM 21 NM [59] 
Polypropylene 

fabric 
Ag deposited Fe3O4 

NWs 
Acrylonitrile NM 2.0 NM [61] 

Glass PMS Acrylic latex paint NM NM 720c [3] 
380d 

PU foam Hybrid APP/GO/ 
TFTS 

Water Yes 2.0 115.2 This 
work  

a HN: Hydroxyapatite nanowire; GF: Glass fiber; FGO: Phenoxycyclophosphazene-functionalized GO; PMS: Phthalocyanines precursor molecular sensor; FC: 
Functional cellulose; NPES: Nonylphenol polyoxyethylene ether sodium sulfate; MWCNT: Multi-wall carbon nanotubes; GOWR: Graphene oxide wide-ribbon; PVA: 
Poly (vinyl alcohol); AgNO3: Silver nitrate; EPMS: γ-(2,3-epoxypropoxy)propytrimethoxysilane; NW: Nano-wires. 

b NM: Not mentioned. 
c Naked-eye observation. 
d Image recognition algorithm. 
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hybrid APP/GO/TFTS coating used in this work provides a new route for 
development of green multi-functional coatings with smart and high- 
efficiency fire warning response for potential fire safety and preven-
tion applications. 
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