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Frequent ﬁre disasters have not only caused massive casualties, irreparable property and priceless artefacts loss,
but also create severe environmental damage. Therefore, it is imperative, but also challenging, to obtain excellent ﬁre resistance and eﬃcient early-warning alarm response in precombustion of combustible materials. In
this work, a green ﬂame-retardant graphene oxide (GO) based paper/coating is designed and constructed via
using a facile 3-methacryloxypropyltrimethoxysilane and L-ascorbic acid (LAA) co-functionalization strategy.
The optimized co-modiﬁed GO network shows good structure stability and improves the ﬂame retardancy of
combustible materials. Further, such GO network can provide an ultrafast ﬂame detection signal of only ~1 s
and ideal ﬁre early warning responses (e.g. a low responsive temperature of ~120 °C and an extremely rapid
responsive time of ~7 s at 300 °C) in precombustion which are among the best performances of the state-of-theart ﬁre alarm sensors. Moreover, the transformation of silane molecules into a compact protective layer on sheets
and the resistance transition of insulating GO network into conductive reduced GO path promoted by LAA
molecules are clariﬁed. This work provides a novel strategy and paradigm to achieving excellent ﬂame resistance
and ideal ﬁre early warning response of GO network for ﬁre safety and prevention applications.

⁎

Corresponding author at: Key Laboratory of Organosilicon Chemistry and Material Technology of Ministry of Education, Hangzhou Normal University, Hangzhou
311121, PR China.
E-mail address: lctang@hznu.edu.cn (L.-C. Tang).
1
These authors contributed equally to this work.
https://doi.org/10.1016/j.cej.2019.123894
Received 4 September 2019; Received in revised form 6 December 2019; Accepted 19 December 2019
Available online 20 December 2019
1385-8947/ © 2019 Elsevier B.V. All rights reserved.

Chemical Engineering Journal 386 (2020) 123894

Z.-H. Zhang, et al.

1. Introduction

notiﬁcation or evacuation. How to improve these two key parameters?
Based on the temperature-responsive resistance transition mechanism
of GO network, we think the adjustment of thermal reduction of GO
network at high temperature promoted by some chemical molecules
would be eﬀectual. Moreover, for rapid ﬂame detection and ﬁre earlywarning alarm response, the GO-based composite materials should be
thermally stable and ﬂame-resistant during the detecting process;
otherwise a timely and reliable alarm cannot be achieved.
Herein, we employ two functional molecules i.e. 3-methacryloxypropyltrimethoxysilane (MPMS) and L-ascorbic acid (LAA) to comodify the GO network via a facile and green low-temperature evaporation-induced self-assembly (EISA) approach. The MPMS modiﬁcation at a low loading was grafted onto GO sheets to improve the ﬂame
resistance, and the LAA molecules were used to promote the thermal
reduction of GO network at high temperature, thus achieving highly
eﬃcient ﬁre early warning alarm response. The morphology, ﬂame
retardant properties and ﬁre detecting and early warning performance
were systematically investigated to optimize the ﬁre alarm sensor.
Based on the structural evolution observation and analysis, the related
mechanisms for enhanced ﬂame retardancy and ﬁre early warning
alarm response were discussed and clariﬁed.

Fire was an important tool for human history, but it also brings
severe ﬁre disaster if be out of control [1]. Once being triggered above
their ignition temperature (about 300–500 °C) [2], most combustible
materials can be ignited and easily lead to serious ﬁre accidents in
public places, e.g. Tianjin Port Explosion, London’s Grenfell Tower Fire,
Brazil’s National Museum Fire, Bangladesh’s Residential Building Fire
and Paris’s Notre Dame Fire. The rapid ﬁre propagation of the combustible materials inevitably induces massive casualties, irreparable
property and priceless artifacts loss [3]. To reduce the high ﬁre risks,
two main strategies have been developed, i.e. use of ﬁre retardant additives and ﬁre alarm sensor [4–10]. Previous work indicates that
ﬂame-retardant additives were proven to be eﬀective to inhibit the
thermal decomposition of some ﬂammable materials [11–13]. Nevertheless, low ﬂame-resistant eﬃciency and complicated manufacturing
process still limit their wide application [14]. Comparatively, the ﬁre
alarm sensor is eﬀective alternative to monitor and reduce the high ﬁre
risks of the combustible materials in practical application.
The best commercially available ﬁre alarm senor is smoke detector
that is activated via monitoring the smoke (particle) product of the
combustible materials after thermal decomposition [15]. Unfortunately, alarms are not issued unless the particle concentration
reaches the critical value to activate the sensor. As a result, the response
time of the smoke detector is usually more than 100 s [16–18], which
would be ineﬀective to monitor the rapid ﬂame propagation of the
combustible materials (for example, ﬂame heights of at least 9 m in 80 s
from three large-scale UL experiments) [19]. Further, such traditional
ﬁre detection sensors cannot provide a timely alarm response signal in
the precombustion process of the combustible materials, and they are
also not applicable for the complicated outdoor environments (open
spaces, coastal port/city, public buildings, etc.) due to the external situations, such as strong rain, wind, dust, and corrosive moisture. Consequently, many smoke detectors widely installed in the public places
hardly issue timely and reliable ﬂame detection alarm or early warning
signals to avoid the blaze disasters.
Graphene oxide (GO) based ﬁre alarm sensor via detecting its sensitive temperature-responsive transition provides a novel approach to
reduce or even avoid the high ﬁre risks [20–26]. Once encountering an
abnormal high temperature or ﬂame attack situation, the insulating GO
network can be rapidly reduced into the conductive rGO one, generating sensitive resistance transition to activate the danger alarm [26].
Normally, these GO based ﬁre alarm sensors can release a fast ﬂame
detection alarm of < 5 s and even trigger ﬁre early-warning alarm response before the ignition of combustible materials. Our previous work
developed a hierarchical silicone resin/GO coating on various combustible materials (e.g. PU foam and wood block) as an eﬃcient ﬁre
alarm sensor [21], and a high content of silicone resin of > 120 wt%
was required to inhibit the thermal composition of GO network but
inevitably delayed ﬁre detection/early warning alarm release. Recently,
Xie et al. fabricated a ﬂame-retardant nano-coating using GO and
functional cellulose (FC) on the diﬀerent combustible materials, and
such nano-coating triggered a rapid ﬂame alarm response of ~3 s [25].
Unfortunately, the ﬁre early-warning alarm response of these GO-based
sensors is still relatively long (e.g. ~415 s at 200 °C and ~38 s at 300 °C
[21]), limiting eﬀective ﬁre prevention function greatly.
Considering the rapid ﬁre propagation of most combustible materials [19], although the ultra-fast ﬂame detecting alarm response was
obtained, the long response time is not suﬃcient to deal with the critical ﬁre risk. Especially, in a ﬁre accident, the slower alarm release
would cause the more casualties and property loss. Therefore, for the
GO-based ﬁre alarm sensor, achieving eﬃcient ﬁre early-warning alarm
signals in the precombustion process should be more important and
useful for reducing the high ﬁre risks. Both the low responsive temperature and the fast ﬁre early-warning response time are two key
parameters since they can provide suﬃcient and reliable time for

2. Experimental section
2.1. Materials
Graphite with 500 meshes was provided by Shanghai Yi Fan
Graphite Co. Ltd. Various solvents, including concentrated sulfuric acid
(H2SO4, ≥98 wt%), hydrochloric acid (HCl, 35 wt%), phosphorus
pentoxide (P2O5), hydrogen peroxide (H2O2), potassium persulfate
(K2S2O8), potassium permanganate (KMnO4), ﬁlter paper, etc. were
purchased from Sinopharm Chemical Reagent Co., Ltd., China. 3-methacryloxypropyltrimethoxysilane (MPMS) and L-ascorbic acid (LAA)
molecules were purchased by Shanghai Aladdin Bio-Chem Technology
Co. Ltd. The materials and chemicals were used as received without
further puriﬁcation.
2.2. Synthesis of GO aqueous solution and MLGO paper
GO/water suspension was prepared by a modiﬁed Hummer method
according to our previous work [27–29]. The MLGO paper was prepared by using the EISA approach. Typically, a homogeneous solution
was ﬁrstly prepared by diluting GO solutions to 4 mg mL−1 with
deionized water. Next, MPMS and LAA molecules were added into the
above GO solutions, and the resulting mixture was stirred magnetically
for 60 min to form a uniform aqueous solution. Afterward, the mixture
suspension was transferred to the mold and placed in oven at 40 °C for
12 h. After the low-temperature drying treatment, the GO papers
modiﬁed with LAA and silane molecules were fabricated. For convenience, the MPMS/LAA/GO paper was symbolized as MLGO(x/y)
paper, where x represents the MPMS content and y indicates LAA
content. For example, the optimized MLGO(10/40) paper indicates the
composites containing 10 g MPMS and 40 g LAA and 100 g GO sheets.
2.3. Fabrication of MLGO coated ﬁlter paper
The ﬁlter paper with poor ﬂame resistance was cut into the desired
shapes and sizes. Then, the MLGO(10/40) coated ﬁlter paper was fabricated by a typical dip-coating process [30]. First, the MLGO(10/40)
aqueous solution with a concentration of 6.0 mg mL−1 was prepared.
Then, the ﬁlter paper was immersed into MLGO aqueous solution for
1 min, following by removing excess liquid with a spatula. After that,
the obtained coated ﬁlter paper material was dried in a vacuum oven at
80 °C for 2 h. Finally, the dipping and drying processes were repeated
for several times to control the content of MLGO coated onto ﬁlter
paper.
2
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via employing the EISA method. During the progress, the MPMS and
LAA molecules were well dispersed in the water to obtain a weakly
acidic condition. Under such condition, the alkoxy groups of the former
hydrolyzes and forms silanol groups, and then reacts with the hydroxyl
groups of sheets (lateral size ranging from 20 to 30 μm shown in Fig. S1
in Supporting Information) [31–33]. Meanwhile, the LAA molecules
with lots of hydroxyl groups can form strong interactions with GO
sheets via hydrogen or covalent bond [34]. Under the low-temperature
drying treatment, LAA and MPMS molecules are successfully grafted to
GO sheets to obtain the co-modiﬁed MLGO papers, which will be discussed in the following section.
The modiﬁed GO paper can bend about 180° without rupture, demonstrating an excellent ﬂexibility (see Fig. 1b). The morphology and
structure of the MLGO(10/40) papers were performed by SEM and
shown in Fig. 1c–e. As expected, the surface of pure GO paper shows a
typical wrinkle structure due to the thin thickness of sheets (Fig. S1b)
[30], similar as the rough surface observed for the MLGO(0/0) paper in
Fig. S2 [35]. Interestingly, many needle-like structures with 0.3–1.0 μm
width and several micrometers length can be clearly observed to be
well attached on the sheet surface (Fig. 1d), although they have little
inﬂuence on the formation of aligned sheet structure (Fig. 1e). This may
be attributed to the crystallization of LAA molecules since similar
structures are visible on the sheet surface for the MLGO(0/40) paper
(see Fig. S3a–c) but was not seen on the MLGO(0/0) paper. SEM-EDS
mapping results further conﬁrm this. Fig. 1f–i present the needle-like
structures with higher content of O element and lower content of C

2.4. Characterization
The structure and morphology of GO sheets and MLGO papers were
characterized by transmission electron microscopy (TEM, HITACHI H7650), and scanning electron microscopy (SEM, Sigma-500, ZEISS) with
an energy dispersive X-ray spectroscopy (EDS) detector. Fourier transform infrared spectra were obtained on a FTIR spectroscopy (Bruker
Alpha-T) in the range from 4000 cm−1 to 400 cm−1 using KBr pellets.
Themogravimetric analysis (TGA) of paper samples was conducted by a
TA Instruments Q500 in air atmospheres with a heating rate of
10 °C min−1 from room temperature to 800 °C. X-ray photoelectron
spectroscopy (XPS) was measured using an ESCALab220i-XL (VG
Scientiﬁc) with the X-ray source of monochromatic MgKa. X-ray diffraction (XRD) analysis was recorded on a D/Max 2550 V X-ray diffractor (Rigaku, Japan), and the diﬀraction patterns were recorded in
the 2θ range from 5° to 40° with a scan rate of 5°/min. The various
sample surface hydrophobic property was determined with a DSA30 CA
analyzer (Kruss, Germany) using a 3 μL water droplet at room temperature. Electrical resistance of the samples was monitored with a twoelectrode method using a multimeter (ESCORT 3146A), and each
sample was placed in a muﬄe furnace to detect response resistance
under diﬀerent environmental temperature.
3. Results and discussion
Fig. 1a illustrates the schematic of fabrication of the MLGO paper

Fig. 1. . Fabricating process and micro-structure. (a) Schematic preparation of MPMS/LAA co-modiﬁed GO (MLGO) paper. (b) Typical digital photograph of MLGO
paper, showing good mechanical ﬂexibility. (c–e) Surface and cross-section SEM images of the MLGO(10/40) paper. Some needle-like structures are observed on the
paper surface and the GO sheets are well aligned. (f–i) Typical SEM image and surface element distribution of the MLGO (10/40) paper.
3
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Fig. 2. . Structure characterizations and analysis. (a) FTIR spectra of LAA, MPMS, GO and MLGO(10/40) paper, conﬁrming the successful LAA and MPMS comodiﬁcation. (b) XRD patterns of MLGO(0/0), MLGO(0/40) and MLGO(10/40) papers. (c) Structure stability of MLGO(10/40) paper before/after being immersed in
various solutions (water, HCl, C2H5OH, NaOH, THF, DMF). (d) XPS spectra of MLGO(0/0) and MLGO(10/40) papers and their C1s XPS spectra of (e) MLGO(0/0) and
(f) MLGO(10/40) papers.

The chemical compositions and diﬀerences between the MLGO(0/0)
and MLGO(10/40) papers were veriﬁed by XPS spectra and shown in
Fig. 2d. Typically, the MLGO(0/0) paper contains two characteristic
peaks, i.e. C1s (ca. 286 eV) and O1s (ca. 533 eV) [39]. Comparatively,
the MLGO(10/40) paper present two new characteristic peaks of Si2p
(~105 eV) and Si2s (~153 eV) in the XPS spectra, and the C/O atomic
ratio values display an obvious decrease after surface co-modiﬁcation
(from ~1.96 for pure GO paper to ~1.61 for MLGO(10/40) paper),
which is likely due to the fact that the LAA molecules possesses high
ratio of C=O/C–O and O–H groups in their molecular structure shown
in Fig. 1a. The C1s core level spectrum of MLGO(0/0) paper with peakﬁtting curves in Fig. 2e shows ﬁve chemically shifted components [40]:
sp2 C=C (284.7 eV), sp3 C–C (285.1 eV), C-O (286.9 eV), C=O
(288.3 eV), O–C=O (289.2 eV). As expected, the LAA and MPMS cofunctionalization produces increased intensity of O–C=O (289.2 eV)
due to the rich O–C=O groups of the LAA molecular structure and the
appearance of C-Si (284.1 eV) in the C1s XPS spectra (Fig. 2e and f).
These XPS results further conﬁrm that GO sheets are co-modiﬁed with
LAA and MPMS molecules, well consistent with the FTIR and XRD results.
Normally, pure GO paper tends to be obviously burnt in air and
cannot be used for providing ideal and reliable ﬂame detection and
early warning response signals [22]. As shown in Fig. 3a, the MLGO(0/
0) paper was readily burnt in 60–70 s due to complete thermal decomposition in the ﬂame, and the MLGO(0/40) sample also present
similar ﬂammable behaviour (see Fig. S4a). In comparison, the cofunctionalized LAA and MPMS molecules produced improved ﬂame
resistance of GO network and kept the structure even after being burned
for 90 s (Fig. 3b). Similarly, improved thermal stability and residual
weight loss of the GO paper can be achieved after the co-functionalization, as shown in Fig. S4B and Table S1. Furthermore, such MLGO
(10/40) paper can be fabricated as ﬂame retardant coating on the
combustible materials. As shown in Fig. 3c, compared with the easy
ignition and rapid ﬂame propagation of the commercial ﬁlter paper, the
presence of 25 wt% MLGO(10/40) coating on the ﬁlter paper can

element than those of the other zone on the sheet surface, consistent
with the C and O element distribution of the needle-like structure for
MLGO(0/40) paper (Fig. S3d). This suggests that the LAA molecules are
the main composition in the needle-like structures due to the obvious
diﬀerence of molecular structures between the LAA and GO shown in
Fig. 1a. Moreover, Si elements are uniformly dispersed on the MLGO
(10/40) paper surface, while the pure GO paper only displays C and O
elements on the surface (see Fig. S2), demonstrating the eﬀective and
successful MPMS modiﬁcation in the MLGO paper.
FTIR and XRD results were used to explore the chemical composition and interaction of these papers. Fig. 2a shows the FTIR spectra of
the GO sheets co-functionalized with LAA and MPMS. The characteristic peak at 1050 cm−1 for the vibration of the epoxy groups (C–O) and
a broad peak at ~3400 cm−1 for the hydroxyl groups (O–H) were observed for pure GO paper [36]. Moreover, the typical peaks at 1720 and
1620 cm−1 were assigned to the C=O stretching vibration and C=C
aromatic ring [32], respectively. After LAA and MPMS co-functionalization, the appearance of two new peaks at 1090 and 1020 cm−1
suggests that the MPMS molecules would be bonded with GO or LAA
molecules [37], thus producing the formation of the Si-O-Si bond in the
MLGO(10/40) paper. Moreover, the increased intensity of C=O groups
and almost unchanged O–H imply the successful modiﬁcation of LAA
molecules in the MLGO paper. XRD results can further conﬁrm this. As
shown in Fig. 2b, compared with a sharp diﬀraction peak at 9.98°
(interlayer spacing of ~0.89 nm) of MLGO(0/0) paper, the MLGO(0/
40) paper shows a larger interlayer spacing of ~1.05 nm at 8.45°, indicating the presence of LAA molecules among to the GO sheets [38].
Interestingly, the co-functionalization of LAA and MPMS molecules can
further enhance the interlayer spacing (~1.14 nm for 7.76°), and this is
attributed to the presence of LAA and MPMS molecules grafted in the
modiﬁed GO papers. As a result, the MLGO(10/40) papers display excellent structural stability even after immersing them into water, HCl,
C2H5OH, NaOH, THF, DMF for six months (see Fig. 2c), demonstrating
the formation of well cross-linked GO structure co-modiﬁed by the LAA
and MPMS molecules.

4
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Fig. 3. . Flame-retardant properties and ﬂame detecting process. Combustion process of (a) MLGO(0/0) and (b) MLGO(10/40) papers, showing improved ﬂame
resistance after LAA and MPMS co-functionalization. Comparison of combustion process of (c) uncoated ﬁlter paper and MLGO coated ﬁlter paper. (d) Typical SEM
image of the MLGO(10/40) paper after the burning test, showing the formation of compact nano-silica protective layer on the paper surface. (e) Flame detection
process of MLGO coated ﬁlter paper.

same response alarm time of 1 s for ﬂame detection can be kept even
after immersing the modiﬁed papers in various solutions and environments (Fig. S6), indicating the good applicability in various complicated environmental conditions. Further ﬂame detection tests of the
MLGO(10/40) coating on the combustible ﬁlter paper materials shown
in Fig. 3e and Movie S2 demonstrate similar rapid ﬂame detection responses (only about 1 s) for the MLGO(10/40) coated ﬁlter paper, indicating the excellent reliability and stability of the hybrid coating.
Furthermore, the ultra-fast ﬂame detecting alarm time of the MLGO
(10/40) paper is superior to other GO-based coating system (Table S2)
[20–26]. The reason for this ultra-fast ﬂame detection alarm response is
dependent on the sensitive change in the electrical resistance of GO
network during the ﬂame attacking process.
As discussed above, eﬃcient ﬁre early warning alarm response is
crucial in reducing or avoiding the ﬁre disasters of the combustible
materials [45], especially below their ignition temperature. However,
the traditional smoke detection cannot trigger the ﬁre early warning
alarm since almost no smoke product can be released in precombustion.
Thus, detecting the environmental temperature below the ignition
temperature (300–500 °C) of most combustible materials would be effective strategy to reduce or avoid the serious ﬁre disasters. As expected, for detecting a hot surface with ~150 °C, both the MLGO(0/0)
and MLGO(10/0) papers on the hot surface cannot trigger the alarm
response even in 600 s, as shown in Fig. S7a–b and Movie S3. In contrast, for detecting the same hot surface, the MLGO(10/40) paper can

improve the ﬂame resistance signiﬁcantly with maintaining the structure integrity of the ﬁlter paper. SEM images of the MLGO(10/40)
coating after the burning test can oﬀer more evidences for the related
ﬂame-retardant mechanism. As shown in Fig. 3d, the formation of a
compact nano-silica particles well covered on the sheet surface was
observed after the thermal depolymerization of MPMS molecules
[24,41]. Such nano-silica char works as an eﬀective barrier layer to
prevent oxygen from attacking the inside GO sheets but promote the
graphitization of the GO sheets via thermal reduction, thus leading to
the enhanced ﬂame retardancy of the GO paper. Meanwhile, the insulating GO network can rapidly transfer into the interconnected conductive RGO network due to the eﬀective thermal reduction, thus
triggering the alarm lamp [42–44]. These above results suggest that the
MLGO(10/40) paper or coating is a good candidate for constructing
eﬃcient ﬂame detection and ﬁre early warning sensors.
To demonstrate rapid ﬂame detecting response scenario, the sensor
system is constructed via connecting a low-voltage DC power
(< 36.0 V), alarm lamp, wires with the MLGO(10/40) coated ﬁlter
paper (Fig. S5a). As expected, the easy ignition and rapid ﬂammability
of MLGO(0/0) or MLGO(0/40) papers induces unstable ﬂame alarm
response (Fig. S5b and c) due to their structural damage in 10 s (Movie
S1). Comparatively, the MLGO(10/40) paper releases an ultra-fast
ﬂame detecting response in only ~1 s once encountering a ﬂame attack
(Fig. S5d), and continuous danger alarm can be kept even after exposing the modiﬁed paper in the ﬂame for 180 s. Noted that almost the
5
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Fig. 4. . Fire early-warning alarm response during precombustion process. (a) Demo-process of high-temperature early warning of the MLGO(10/40) paper. (b)
Representative resistance of various MLGO papers with a function of time at diﬀerent temperatures ranging from 150 to 300 °C, and (c) the related ﬁre early-warning
alarm response time for various samples. (d) Representative resistance of MLGO(10/40) paper at 80–120 °C, indicating a low detection temperature of ~120 °C. (e)
Comparison of ﬂame detecting and ﬁre early-warning alarm response time of the MLGO(10/40) paper with other published results reported in literature. Each
symbol indicates diﬀerent material systems: GO wide-ribbons coated MF sponge (MF@GOWR) (blue curve), HN/GF-GO paper (orange curve), GO/silicone coating on
PU sponge (wine curve), PMS (olive curve), FGO/CNT@WPP (navy curve), GO paper (violet curve), MPMS-GO paper (navy curve), GO/FC coating (pink curve) and
MLGO(10/40) coating (red curve). A detailed description of each set of samples and data points is given in Table S2. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

isolation induced by the uniform distribution of Si element. As expected, the presence of LAA molecules can improve ﬁre early warning
alarm response time, and the response time shows signiﬁcant decrease
with increasing the LAA content (Fig. 4c). In addition, by increasing the
LAA content of ≥40 phr, the response time shows slight decrease, and
the representative MLGO(10/40) paper was thus mainly used below for
performance analysis and comparison.
Fig. S10 shows the resistance change of the MLGO(10/40) paper at
diﬀerent temperatures as function of time and the related ﬁre early
warning response time and resistance change at 600 s. It can be observed in Fig. S10a that the resistance value of the paper is relatively
stable even after exposing it outdoor for 180 days (consistent with Fig.
S6a), indicating the good applicability at room temperature. With increasing the environmental temperature, the resistance value displays
obvious decrease as a function of time, and the alarm response time of
the MLGO(10/40) paper also presents signiﬁcant decrease with the
increase of environmental temperature, e.g., 175 s at 150 °C, ~32 s at
200 °C, ~20 s at 250 °C, ~7 s at ~300 °C and ~1 s for ﬂame attack,
respectively. This indicates that the ideal and rapid ﬁre early warning
response below 300 °C and ultra-fast ﬂame detection response can be
achieved for the MLGO(10/40) paper. Moreover, the resistance change
(R/R0) at 600 s of various samples shows obvious decrease with increasing the temperature (Fig. S10b), which is likely attributed to different thermal reduction degrees of GO network at diﬀerent temperatures.
Apart from ultimate ﬁre early warning response time and stable
alarm signal, low responsive temperature is also the key factor to avoid

trigger the alarm response at ~175 s (see Fig. S7c and Movie S4),
showing an ideal ﬁre early warning response. More importantly, the
response time of ﬁre early warning is strongly dependent on the surface
temperature. Shown in Fig. 4a and Fig. S8 demonstrate that, with increasing the surface temperature from 200 to 300 °C, the alarm response time of the MLGO(10/40) paper shows obvious decrease i.e.
from ~32 s at 200 °C to ~20 s at 250 °C and ~7 s at 300 °C (see Movie
S5), providing highly eﬃcient ﬁre early warning signal in pre-combustion.
Normally, the responsive temperature and time of the ﬁre earlywarning alarm sensor are two key parameters for ﬁre prevention [46].
To further evaluate the response temperature and time of the MLGO
papers, a heating muﬄe furnace was used to measure the electrical
resistance change in various temperatures, and the measurement
schematic is shown in Fig. S9. Fig. 4b shows the electrical resistance
change of the MLGO papers with 10phr MPMS and diﬀerent contents
(10–60 phr) of LAA molecules measured at diﬀerent temperatures (150,
200, 250 and 300 °C). Clearly, the resistance change of the MLGO papers is not only strongly related with the environmental temperature
but lies on the content of LAA molecules used in the formula. In general,
with increasing the environmental temperature from 150 to 300 °C, the
resistance change and ﬁre early warning response time that can light up
the alarm lamp at a low voltage (corresponding to electrical resistance
of 50 kΩ) of the designated paper are much quicker and quicker.
Moreover, at a ﬁxed temperature, the MLGO(0/0) paper shows quicker
and higher resistance change than the MLGO(10/0) paper, conﬁrming
the delayed response for ﬁre early warning probably due to the thermal
6
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Fig. 5. . Structural and morphological observation and analysis. Cross-section SEM images of MLGO(10/40) papers after diﬀerent treatment conditions: (a) room
temperature, (b) 150 °C, (c) 250 °C and (d) ﬂame attack (treating time: ~100 s). The well aligned structure of GO sheets gradually translates into porous structure,
and the formation of nano-silica protective layer is observed after the ﬂame attack due to the thermal composition of silane molecules.

ﬁre hazard. The related experimental measurement was established by
real-time measuring of the electrical resistance with programmed
temperature in Muﬄe furnace (see Fig. S9). As shown in Fig. S11a, the
responsive temperature of pure GO paper is ranging between 200 and
250 °C, and the alarm responsive temperature was ~211 °C accompanied with the resistance decreasing to the dangerous alarm point (as
deﬁned before). Comparatively, the co-modiﬁed MLGO(10/40) sample
shows lower responsive temperature range of 80–150 °C and lower
detection temperature of ~120 °C (Fig. 4d), demonstrating an excellent
responsive temperature limitation in the precombustion of most combustible materials. Based on the above results of LAA and MPMS comodiﬁed GO papers, we compare the data of responsive time and
temperature of various ﬁre early warning sensor under diﬀerent hightemperature and ﬂame conditions [2,21–26], as shown in Fig. 4e and
Table S2. It can be seen that our MLGO(10/40) paper sample exhibits a
good balance between the responsive time and temperature, showing
much more eﬀective in comparison with other GO-based ﬁre detection/
early-warning sensors [21–26]. Especially, the co-modiﬁcation of LAA
and MPMS molecules not only endows the GO paper with outstanding
ﬂame resistance, but produces highly eﬃcient ﬁre early warning alarm
response. The signiﬁcance of these results demonstrates the fact that the

use of LAA surface functionalization is indeed eﬀective to tailor the
thermal reduction behaviour of GO and thus control the related ﬁre
detection/early-warning performance [47], showing promising for reducing high ﬁre risks of the combustible materials.
To disclose the improved ﬂame retardant and thermal reduction
behavior of the GO network after incorporation of LAA and MPMS cofunctionalization, the structural observation and analysis were conducted. Fig. 5 show the typical cross-section SEM images of the MLGO
(10/40) papers after diﬀerent treatment conditions. Compared with the
3D cross-linking network and dense and highly aligned structure of the
MLGO(10/40) paper at room temperature in Fig. 5a, the cross-section
of the sample becomes gradually loose and slightly wrinkled morphology after exposing at 150 °C for 100 s, and at high magniﬁcation,
there exist small pores between the GO sheets (Fig. 5b). The thermal
degradation of the oxygen groups grafted onto sheet surface releases
some gases and thus induces the formation of pores loose and structure.
Furthermore, when applying higher temperature treatment (250 °C),
the cross-section of the modiﬁed paper shows much looser structure
and larger pores, both of them can be speculated that a lot of water
vapors and degraded gases were released across the intercalation via
thermal reduction by LAA molecules (Fig. 5c) without damaging the
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Fig. 6. . Mechanism analysis for eﬃcient ﬁre early-warning response. (a) FTIR spectra, (b) XRD patterns and (c) XPS spectra of the MLGO(10/40) papers after hightemperature treatment (treating time: ~100 s). C1s peak spectra of the MLGO(10/40) papers at diﬀerent temperature: (d) 150 °C, (e) 200 °C and (f) 250 °C. (g)
Schematic illustration of LAA and MPMS co-functionalization promoting the thermal reduction process of GO network.

interconnected sheet network. Similarly, the ﬂame attack for ~100 s
also induces the porous and loose cross-section of the MLGO(10/40)
paper, and meanwhile the formation of reduced GO (RGO) conductive
path can trigger the alarm lamp. Moreover, a compact nano-silica
particles as protective barrier transformed from the thermal decomposition during the ﬂame attack well covers on the cross-section surface
and thus restricts thermal degradation of GO sheets but promotes their
graphitization into RGO network eﬀectively [41], thus leading to improved ﬂame resistance (Fig. 5d), which is supported by the compact
nano-silica structure on sheet surface observed in Fig. 3d.
The MLGO(10/40) paper under diﬀerent high-temperature treatment for 100 s were also investigated to further clarify the related
mechanisms by FTIR, XRD and XPS spectra. Fig. 6a shows the FTIR
results of the MLGO(10/40) papers treated under diﬀerent high-temperature conditions. As expected, the O–H group at 3400 cm−1 and
C=O group at 1720 cm−1 gradually decrease accompanied by increasing temperature and show nearly complete disappearance at
250 °C treatment, demonstrating the complete thermal degradation of
these functional groups onto GO sheets [40]. While the relative intensity of Si-O-C and Si-O-Si groups at ~1090 and ~1020 cm−1 present
obvious increase for ﬂame attack [48], indicating the formation of inorganic silica, which is well consistent with the SEM observation in
Fig. 5d. XRD results can oﬀer more solid evidences. Compared with

sharp diﬀraction peak located at 2θ = 7.76° (interlayer spacing d of
~11.38 Å), the 150 °C treatment for 10 s causes the diﬀraction peak to
slightly shift to 2θ = 7.72° (d = ~11.44 Å). After a higher temperature
treatment (200 or 250 °C), the peak below 2θ = 10° disappears and a
new weak peak at 2θ = ~22.61° (d = ~3.93 Å) is observed (Table S3).
These results imply that the oligomers or gases that are thermally degraded from the oxygen-containing functional groups onto GO sheets
would enhance interlayer spacing since the MPMS or LAA molecules
may exfoliate into GO sheets and thus increase their interlayer spacing.
It should be noted that, for pure GO paper, similar high-temperature
treatment produces a diﬀerent phenomenon, and the increased 2θ peak
shown in Fig. S11b indicates the decreased interlayer spacing among
sheets.
XPS spectra of the MLGO(10/40) papers after diﬀerent high-temperature treatments were conducted to disclose the change of surface
chemical compositions. As shown Fig. 6c and Fig. S12a, and the C/O
ratio of the samples was signiﬁcant increased from ~1.61 at R.T. to
~1.90 at 150 °C, ~2.07 at 200 °C, ~2.25 at 250 °C, respectively, indicating a suﬃcient reduction from GO network to RGO in the high
temperature condition due to the removal of lots of oxygen groups onto
the sheets [49]. The surface water contact angle of the paper also shows
obvious increase in Fig. S12b, further demonstrating the above phenomenon. The C1s peaks of the MLGO(10/40) paper at diﬀerent
8
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inﬂuence the work reported in this paper.

temperature (150, 200 and 250 °C) are shown in Fig. 6d–f. As expected,
the MLGO(10/40) paper at R.T. condition exhibits several oxidized
components peaks, i.e. C–O (286.5 eV), C=O (287.4 eV), and O=C–O
(288.7 eV). After the high temperature treatment, the intensity values
of the peaks including C–O and C=O bonds gradually decrease, and the
peaks of these oxidized components show dramatic decreases at 250 °C,
indicating the eﬀective thermal reduction of GO network promoted by
LAA [38]. It was speculated that the promoted thermal reduction mechanisms are attributed to two-step SN2 nucleophilic reactions of LAA
followed by thermal elimination, as reported by Gao et al [47]. These
above results suggest that the thermal reduction of MLGO(10/40) paper
should be accelerated by the LAA molecules at high temperature of
150–300 °C, thus leading to the ultrafast ﬂame detection response and
eﬃcient ﬁre early warning alarm response during the precombustion.
Based on the above results and analysis, schematic of LAA and
MPMS co-functionalization promoting the thermal reduction of GO
network under abnormal temperature treatment or ﬂame attack was
shown in Fig. 6g. Due to the formation of hydrogen and chemical bonds
among the LAA and MPMS molecules and GO sheets in the MLGO
paper, the cross-linked MLGO paper shows good structural stability but
insulating feature. When encountering a high temperature environment, the thermal reduction of GO network is partially promoted/accelerated by LAA molecules, leading to lower ﬁre early warning response temperature of ~120 °C and rapider alarm response time of ~7 s
at 300 °C compared with those of the corresponding MLGO(0/0) paper
(i.e. response temperature of ~211 °C in Fig. S11a and alarm response
time of ~100 s at 300 °C in Fig. 4b). Upon the ﬂame attack, the MPMS
molecules can transform into a compact silica nanoparticle layer well
covered onto GO sheets, inhibiting the thermal degradation of GO
sheets but promoting their graphitization to obtain the ﬂame-retardant
co-modiﬁed GO paper. Meanwhile, the LAA molecules would facilitate
the reduction of GO network at a high temperature and thus achieve an
ultrafast ﬂame detection response.
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