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A flame-retardant graphene oxide (GO) based nanocomposite paper was prepared for efficient fire alarm response via a one-step and green 3-mercaptopropyltrimethoxysilane (MPTS) functionalization process. Such
MPTS modification not only improves thermal stability and flame resistance of GO network, but produces ultrafast flame detection and efficient fire early warning response. Typically, the MPTS-GO-10 wt% paper shows a
flame detection response signal of about 1.0 s and improved fire early warning response time at a relatively
temperature of 200 °C. The structural observation and analysis suggest that the thermal reduction behavior of
GO network can be promoted by the sulfydryl groups of MPTS molecules at high temperature, thus producing
the rapid and sensitive transition of electrical resistance form insulating GO into conductive reduced GO network. The MPTS functionalization developed here show promising to tailor fire early warning response of flameretardant GO based fire alarm sensor for potential fire safety and prevention applications.

1. Introduction
The flammability of most combustible materials (chemicals, woods,
polymeric materials, textiles, etc.) shows severe combustion and rapid
flame spreading after being ignited above their ignition temperature of
300–500 °C [1–3]. This easily induces considerable fire accidents every
year, for example, Tianjin’s port explosion, London’s Grenfell Tower
fire, Brazil's National Museum Fire, and Paris’s Notre Dame Fire, which
have caused massive casualties and irreparable property loss. To reduce
or avoid these fire disasters, various approaches such as flame-retardant
additives, fire alarms and firefighting have been used to achieve excellent flame resistance, rapid flame detection or ideal fire early
warning signal [4–13]. Especially, efficient fire early warning alarm is
strongly required to obtain reliable and timely response to deal with the
high fire risk in the precombustion and thus avoid the blaze disasters.
For such purpose, many fire detecting and early-warning methods
have been developed for fire safety and prevention. Typically, smoke or
heat sensors installed indoor release danger alarm via detecting the

smoke product or abnormal high temperature source [9]. Danger
alarms are not activated unless the smoke or heat reaches a certain
level. Consequently, these sensors cannot release an ideal fire early
warning alarm in the precombustion of many flammable materials.
Further, these conventional fire alarm sensors usually exhibit a long
response time (e.g. > 100 s [14], even > 300 s [15]), and they also
cannot be applicable for outdoor use due to the complicated environmental conditions, such as dust, rain, wind, electric/magnetic fields,
especially for the rapid flame propagation outdoor [16]. As a result,
timely and reliable fire alarm signals can be hardly obtained in many
serious fire accidents. To overcome the above shortage, our previous
work demonstrated that the sensitive temperature-responsive resistance
transition of GO network with the help of flame-retardant silicon resin
coating was effective to provide a rapid flame detection of 2–3 s and fire
early warning response in 415 s at 200 °C [17], suggesting that GO
network is promising to construct novel fire alarm sensor. Recently, Fu
and co-workers fabricated a phthalocyanines precursor molecular
sensor (PMS) that can issue an excellent fire early warning signal, e.g. a
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colorful alarm within 20 s at 275 °C [8].
For the GO-based fire alarm sensor, both effective flame resistance
and ideal fire early warning alarm in the precombustion are crucial for
potential fire safety and prevention applications [17–23]. To ensure a
reliable and stable alarm release, various flame retardant additives, e.g.
phosphonic acid [24], hexachlorocyclotriphosphazene [23], hydroxyapatite [18], phenoxycyclophosphazene [19], etc., have been developed to inhibit the thermal composition of GO sheet. Unfortunately,
some of flame-retardant additives containing halogenated compounds
show negative impacts on the environment and health, and some of
them involves in complicated processing and high loading of > 20 wt
% [17], limiting their potential practical applications. Further, these
additives can react with GO network or work as barrier layer to restrict
the heat transfer [22], which inevitably delays the fire alarm response
because of the inhibited thermal reduction of GO network at hightemperature condition. However, for detecting the critical fire risk of
the combustible materials, the slower alarm response easily induces the
more casualties and property loss, and this means “Every second
counts” [21]. Therefore, simultaneous improvements in flame resistance and fire early warning signal of GO network for constructing
advanced GO-based fire alarm sensor system by using an environmentally friendly and facile approach is highly desirable but still
remains a formidable task.
Silane molecules with organic/inorganic molecular structure and bifunctional groups (i.e. alkoxy and amine, epoxy, vinyl and methacryloxy groups) are effective to facilitate the compatibility between the
nanofiller and polymer matrix and even endow multi-functionalities
(e.g. super-hydrophobicity and flame resistance) of the composites
[17,22]. On the other hand, the thermal reduction behavior of GO
network can be promoted by some functional groups, e.g. amine and
sulfydryl groups [25–27], which would affect the fire early warning
response time significantly. With this inspiration, here we report a facile and green strategy to prepare 3-mercaptopropyltrimethoxysilane
(MPTS) modified GO paper via a one-step low-temperature evaporation-induced self-assembling (TEISA) approach. The presence of such
MPTS molecules with sulfydryl terminal groups not only improves the
flame resistance of GO network, but also promotes its thermal reduction
at high temperature. The structure, flame retardant property and fire
alarm performance of the MPTS modified GO (MPTS-GO) paper were
investigated and analyzed. Moreover, the structural evolution of GO
network influenced by the MPTS at various temperature conditions was
investigated to understand the related thermal reduction behaviour.

was obtained. After that, the above mixture was put into a circular dish
and sealed by a transparent polymer film, and then treated at 60–80 °C
for 24 h to obtain the MPTS cross-lined GO hydrogel materials. Based
on a low-temperature treating procedure (40 °C for 24 h), the above
hydrogel was transformed into the MPTS modified GO (MPTS-GO)
paper. During the above procedure, no MPTS molecules were removed
and their content in the final sample was directly obtained. For easy
comparison, the EPMS modified GO (EPMS-GO) paper with 10.0 wt%
EPMS was also prepared according to the above procedure.
2.3. Characterizations
The microstructures and morphology of various paper samples were
examined by scanning electron microscopy (SEM, ZEISS Sigma-500)
with an energy dispersive X-ray spectroscopy (EDS) mapping detector.
XRD analysis was performed on a D/Max 2550 V Xray diffractor
(Rigaku, Japan) in the 2θ range from 5 to 40° with a scan rate of 5°/
min. FTIR spectra of various samples were conducted using a Fourier
transform infrared (Bruker Alpha-T) in the scan ranging from
4000 cm−1 to 400 cm−1. XPS spectra were analyzed by using an
ESCALab 220I-XL electron spectrometer from VG Scientific using MgKa
radiation. Thermogravimetric analysis (TGA) of pure GO and MPTS-GO
papers was carried out on a TA Instrument (Q500 analyzer) under air
ranging from 25 to 800 °C (10 °C/min). Burning testing was conducted
by using an ethanol flame, and a continuous 30 s combustion was used
to equalize the temperature. Electrical resistance values of various
samples were real-time measured by using a multimeter (ESCORT
3146A) with two-electrodes that were connected with the low-voltage
electrical sources and each end of the samples by an electrically conductive wire.
3. Results and discussion
3.1. Structural characterizations of MPTS-GO paper
The schematic illustration of reaction process of MPTS cross-linked
GO paper was shown in Fig. 1a. The TEISA approach of such GO paper
has advantages since it does not require neither any solvent nor complicated processing. Typically, the alkoxy groups of MPTS molecules
first hydrolyze to form silanol groups in water [32], and thus is expected to react with the hydroxyl groups of GO sheets and themselves
via condensation reaction [30,33–35]. The formation of MPTS grafted
GO sheets would facilitate the interactions between the sheets to obtain
the MPTS cross-linked and highly aligned GO paper with excellent
bendability (thickness of 20–30 μm) in Fig. 1b [36]. Moreover, SEM and
EDS observations in Fig. 1c reveal that the MPTS-GO paper presents
typical wrinkle structure probably similar as the rough morphologies
observed in the pure GO paper as reported in Ref. [37]; and uniform
distribution of C, O, Si and S elements in Fig. 1d can be visible for the
dotted square zone in Fig. 1c compared with only C and O elements
observed in pure GO paper (not shown here) [22], suggesting the effective and successful MPTS modification in the MPTS-GO paper.
FTIR, XRD and XPS tests were conducted to further explore the
chemical composition and differences between pure GO paper and
MPTS-GO paper. Fig. 1e shows the FTIR spectra of pure GO paper and
MPTS-GO paper. Typically, pure GO paper in the FTIR spectrum displays four characteristic peaks [28]: C=O stretching vibrations at
1715 cm−1, C=C in aromatic ring at 1610 cm−1, C-O-C stretching
at ~1050 cm−1 and O-H wide stretching vibration at ~3240 cm−1.
After the MPTS functionalization, the peak at ~1050 cm−1 was replaced by several new peaks of strong Si-O-C at ~ 1090 cm−1, Si-O-Si
at ~1020 cm−1 and C-H at 2910 cm−1, assigned to the backbone Si-OSi chain and stretching vibration of C-H groups in MPTS molecules. This
suggests that some hydroxyl groups onto the GO sheets were expected
to react with the MPTS via a typical condensation reaction. Further, the
excellent structural stability of the well-aligned MPTS-GO paper in

2. Experimental section
2.1. Materials
Graphite powder materials with about 500 meshes were supplied by
Shanghai Yi Fan Graphite Co., Ltd.. Various chemicals i.e. hydrogen
peroxide (H2O2), potassium persulfate (K2S2O8), concentrated sulfuric
acid (≥98 wt%), hydrochloric acid (35 wt%), phosphorus pentoxide
(P2O5), potassium permanganate (KMnO4), etc. were provided by
Sinopharm Chemical Reagent Co., Ltd., China. Two types of silane
molecules, i.e. MPTS and γ-(2,3-epoxypropoxy)propytrimethoxysilane
(EPMS) were purchased from Shanghai Aladdin Bio-Chem Technology
Co., Ltd. All the chemicals and materials were used as received.
2.2. Preparation of MPTS-GO paper
GO aqueous solution was prepared by using a modified Hummers
method as reported in our previous work [28–31], and the details are
not introduced herein. The MPTS-GO papers were fabricated by the
one-step TEISA approach, which was introduced as following. Typically, the GO aqueous solution with a certain concentration of ~ 5 mg/
mL was mixed with a certain amount of MPTS molecules (0–17 wt%)
with the help of continuous stirring until a homogeneous suspension
2
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Fig. 1. Fabricating process and structure characterizations of MPTS cross-linked GO paper. (a) Schematic illustration of reaction process of MPTS cross-linked GO
sheet. (b) Digital image of the MPTS-GO paper and its typical cross-section, showing good bendability of the aligned sheet structure. (c) Typical SEM images and (d)
EDX mapping results of various elements for MPTS-GO paper, showing well grafted MPTS molecules onto the GO surface. (e) FTIR spectra, (f) XRD curves and (g) XPS
results of pure GO and MPTS-GO-10.0 wt% papers.

different acid/alkali solutions (not shown here) also supports the successful modification of MPTS onto the GO surface, which is well consistent with sliane modified GO network reported in our previous work
[22].
XRD analysis and XPS results further demonstrate the above structural variations. As shown in Fig. 1f, the XRD spectrum of pure GO
paper displays a sharp diffraction peak at 11.01° and weak peak at
22.35° presumably because of the corrugated structure of the GO sheets
[38], similar as the observed sharp diffraction peak of pure GO sheet
and paper ~11.50° [22,33]. Comparatively, the diffraction peak of the
MPTS-GO paper is board and shifts to be 9.96° after the MPTS functionalization, indicating the slightly increased interlayer spacing, which
should be attributed to the grafted MPTS molecules among the sheets.
Further, XPS results in Fig. 1g also offer more evidences. Typically, pure
GO paper contains two peaks, i.e. C1s (ca. ~533 eV) and O1s
(ca. ~286 eV) with C/O atomic ratio value of ~2.1 (calculated by the
peak area of C1s to O1s). In comparison, the C/O ratio value of the
MPTS-GO paper shows an obvious increase to be ~3.2, which is likely
attributed to the fact of the higher C-C chain in the MPTS molecular
structure compared with GO sheets (Fig. 1a). Moreover, four new peaks

i.e. Si2s (~105 eV), Si2p (~153 eV), S2p (~163 eV) and S2s (~227 eV)
are visible in the XPS spectra of the MPTS-GO paper, implying the existence of MPTS molecules in the modified paper. These above findings
indicate that GO sheets are successfully functionalized by MPTS molecules, well consistent with the FTIR results and SEM observation.
3.2. Thermal stability and flame resistance/detection
Fig. 2a shows TGA curves of MPTS-GO papers as a function of MPTS
content of 0–17.0 wt%. As expected, pure GO paper starts to degrade at
180–200 °C and decompose significantly at 570–660 °C, which is due to
the thermal degradation of oxygen functional groups and C-C backbone
chains [23]. By contrast, the MPTS-GO papers show improved thermal
stability. Although the first stages at 180–200 °C of all paper samples
are very similar, the second stage at 570–660 °C of the MPTS-GO papers
show obvious shift to high temperature with increasing the MPTS
content. Moreover, the residual weight of the MPTS-GO papers was
increased with from 8.0 wt% for pure GO paper to 18.0 wt% for MPTSGO-2.4 wt% and 24.9 wt% for MPTS-GO-17.0 wt%, respectively,
showing significant thermal stability after the MPTS modification. This
3
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Fig. 2. Thermal stability and flame-retardant properties. (a) TGA curves of pure GO paper and MPTS-GO papers with different MPTS contents; Photographs of 90 s
burning process of (b) pure GO paper and (c) MPTS-GO-17.0 wt% papers, indicating improved flame resistance after MPTS functionalization; (d) Flame detection
process and (e) electrical resistance change (inset: water contact angle of 95.3°) of MPTS-GO-10.0 wt% paper under low-voltage electrical source (6 V), showing
ultrafast flame detection alarm response of ~ 1.0 s after different environmental conditions. (f) Surface and (g) cross-section SEM images of the MPTS-GO paper
(10%) after the burning, showing a formation of compact nano-silica/rGO protective char.

is mainly attributed to the high bonding energy of Si-O-Si chain of
MPTS molecules and their uniform dispersion on the GO sheets shown
in Fig. 1d, which acts as an effective barrier effect to restrict the thermal
decomposition of sheets [17,39].
The combustion tests of pure GO and MPTS-GO papers were conducted by an ethanol flame (600–800 °C, measured by the infrared
temperature tester) to analyze the role of MPTS functionalization on the
fire retardancy of GO network. As expected, the combustion process of
pure GO paper in Fig. 2b presents a rapid thermal degradation after
exposing in the flame and it is completely burned in 90 s due to the
oxygen groups and C-C backbone of GO. After MPTS modification, the
MPTS-GO paper at 17.0 wt% MPTS shows an original shape and stable
structure even for exposing in the flame for 90 s (Fig. 2c). Clearly, the
flame resistance of the GO paper was dramatically improved after the
MPTS modification, consistent with other silane treatment [30]. SEM

images after the burning discloses the formation of compact nano-silica
particles well-coated on the sheets (Fig. 2f and g). During the burning
test, the grafted MPTS molecules would thermally degrade to generate
silicone root [40], and they can interact with the GO sheets to form the
silica nanoparticles onto GO sheets [17]. Such nano-silica char works as
an effective barrier layer which can inhibit the thermal decomposition
of GO sheets significantly but promote their graphitization, consistent
with other silane treatment [22,41].
The flame-retardant MPTS-GO paper can be used to construct the
flame alarm detection sensor via connecting a DC electrical source (low
voltage of 6 V) and a LED alarm lamp and MPTS-GO paper via a wire.
The fire alarm response time was defined that the resistance can trigger
the alarm light (corresponding to electrical resistance of ~50 kΩ).
Interestingly, such fire alarm sensor displays an ultra-fast flame detection response time of ~1.0 s when encountering the flame (Fig. 2d), and
4
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Table 1
Comparison of material information and fire alarm response among our MPTS-GO paper and other different material systems.
Material type

Flame retardant additives

Content (wt%)

Flame detection response time (s)

Response time at 200 °C (s)

Ref.

GO/silicone resin coating
HN/GF-GO paper
FGO/CNTs coating
PMS

Silicone resin
Hydroxyapatite
HPTCP
–

180
60–90
–
–

2–3
2
5
–

[17]
[18]
[19]
[8]

GO/FC
GOWR@MF sponge
MPTS-GO paper

FC
–
MPTS

60
10–20
10.0

~3
2
1.0 ± 0.1

415
–
~240
720 a
380b
–
~298
232 ± 3

[20]
[21]
This work

HN: Hydroxyapatite nanowire; GF: Glass fiber; HPTCP: Phenoxycyclophosphazene; FGO: HPTCP-functionalized GO; PMS: Phthalocyanines precursor molecular
sensor; FC: Functional cellulose; GOWR: Graphene oxide wide-ribbon; MF: Melamine-formaldehyde; EPMS: γ-(2,3-epoxypropoxy)propytrimethoxysilane. a Nakedeye observation; b Image recognition algorithm.

Fig. 3. Fire early-warning alarm response. (a) Representative ignition process of combustible filter papers attached onto a heat resistor (simulating short circuit),
showing rapid ignition at ~20 s; (b) Fire early-warning response process of MPTS-GO paper on the heat resistor, which can offer a fast early alarm response time
at ~4 s and continuous alarm after turning power off; (c) Resistance change and (d) fire early-warning alarm response time of pure GO and MPTS-GO papers with
different MPTS contents at 250 °C; (b) Real-time electrical resistance changes of MPTS-GO-10.0 wt% papers under different temperature situations (150–400 °C).

continuous danger alarm can be kept after exposing the modified paper
in the flame for > 15 s due to its excellent flame resistance. It should be
noted that such MPTS-GO paper-based sensor exhibits much quicker
flame detection response than other GO-based fire alarm sensors (see
Table 1) and traditional smoke detectors [9,14,42]. Once encountering
the flame, the electrical resistance of the paper in Fig. 2e shows dramatic decrease from insulating nature into conductive state in a very
short time, and similar phenomena can be obtained even after exposing
the sample outside for one year or in water for one day. These above
results demonstrate the excellent structure stability and flame detection
reliability of the MPTS-GO paper for the complicated environmental
conditions.

3.3. Fire early warning response
According to the fire statistics of Fire Department of Ministry of
Public Security in China [43], the use of various combustible materials
in residence have initiated considerable fire accidents induced by the
electrical situations. Shown in Fig. 3a is a self-igniting process of
combustible filter paper on a heat resistor for simulating a short circuit
condition. Upon the power, the temperature of the resistor surface
would increase immediately to be 400–500 °C (measured by the infrared temperature tester) and thus induces the exothermic reaction of
the polymeric molecules in the filter paper [44]. As a result, the combustible filter paper can be ignited in 20 s due to its ignition
5
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Fig. 4. Comparison of fire early alarm response processes of pure GO paper and modified GO papers with different end-groups silane molecules. (a) Comparison of
real-time electrical resistance changes, (b) fire early alarm response time and (c) electrical resistance change at 600 s of pure GO paper, EPMS-GO-10.0 wt% and
MPTS-GO-10.0 wt% papers under different temperature situations (150–400 °C).

temperature of 300–500 °C, thus easily causing a serious fire accident.
Therefore, it is very important to obtain a rapid early warning alarm
signal for monitoring the critical fire risk. Interestingly, the MPTS-GO
paper can provide an ideal fire early warning response. As shown in
Fig. 3b, the MPTS-GO paper on the resistor can activate an extremely
fast early warning response time (as defined above) of ~ 4.0 s for the
same process, and continuous danger alarm can be obtained even after
turning the power off since the stable conductive network was formed
in the burning process. Notably, such alarm response time of the
modified paper shows much earlier than the time that induces the selfignition of the combustible filter paper (~20 s in Fig. 3a), which can
offer enough and timely time to deal with the critical fire risk.
During the fire early warning response process, the electrical resistance of the MPTS-GO paper shows dramatic transition from insulating to conductive, providing the ideal response behavior in the
precombustion [17]. To quantitatively evaluate the fire early warning
alarm of the GO-based sensor, the electrical resistance values were realtime measured and shown in Fig. 3c. Clearly, all GO paper samples
exhibit dramatic decrease in the electrical resistance as a function of
time at 250 °C; and the resistance change curves of the MPTS-GO papers
show obvious shift to low temperature with increasing the content of
MPTS molecules, implying the thermal reduction of GO accelerated
with increasing the MPTS content, which will be discussed later. The
fire early warning response time that can illume the alarm lamp was
defined and shown in Fig. 3d. As expected, the more MPTS content
triggers the quicker alarm response time at 250 °C, e.g. from ~146 s for
pure GO paper to ~86 s and ~75 s for MPTS-GO-10.0 wt% and MPTSGO-17.0 wt%, respectively. The real-time resistance changes of the
MPTS-GO-10.0 wt% papers demonstrate that the higher environmental
temperature issues the quicker alarm response time and larger resistance change (Fig. 3e), e.g. from 86 s for 250 °C to 8 s for 400 °C. The
above results indicate that the presence of MPTS molecules can

promote the thermal reduction of GO network, which can provide ideal
fire early warning alarm signal below the ignition temperature of most
combustible materials.
To demonstrate the role of MPTS molecule on improving the fire
early warning response signal, pure GO paper and GO paper modified
with EPMS molecule containing epoxy terminal groups were compared
with MPTS-GO paper. At a fixed temperature (150, 200, 250, 300 or
400 °C), the presence of 10.0 wt% EPMS inhibits the resistance change
of GO network greatly, while addition of 10.0 wt% MPTS molecules
improves the resistance change effectively (Fig. 4a). As a result, for the
different temperatures, the fire early warning response time (as defined
above) of the EPMS-GO paper is obviously delayed in comparison with
that of pure GO paper, e.g. from 343 s at 200 °C and 31 s at 400 °C for
the later to 398 s at 200 °C and 34 s at 400 °C for the former (see
Fig. 4b), respectively. Comparatively, the MPTS functionalization can
improve the response time of GO network significantly, e.g. 232 s at
200 °C and 8 s at 400 °C, respectively, suggesting that the MPTS molecules seem to promote the thermal reduction of GO network at the
high temperatures investigated. The resistance change at 600 s for
various temperatures further confirms this. As shown in Fig. 4c, the
MPTS modification can produce the lower resistance values of GO
network than the untreated one and EPMS modification. Notably, the
response time data of flame detection and high temperature for our
MPTS-GO paper-based fire alarm sensor at a relatively low content of
MPTS show much more effective than or comparable to those of other
GO-based fire detection/early-warning sensors [17–22], as indicated in
Table 1, especially for the low temperature condition of 200 °C. These
above results demonstrate that the use of MPTS surface functionalization is indeed effective to simultaneously enhance the flame retardancy
and fire early warning response of GO network, showing promising
applications for reducing fire risk or avoiding fire disasters of the
combustible materials.
6
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Fig. 5. Structural evolution and analysis of MPTS-GO-10.0 wt% papers at different environment temperatures. (a) FTIR spectra, (b) XRD patterns and (c) XPS results
of MPTS-GO-10 wt% papers before and after various high temperature conditions.

3.4. Possible mechanism analysis

XPS spectra of the MPTS-GO-10.0 wt% papers at different temperatures were further conducted and analyzed to understand the
structure evolution of GO network, as shown in Fig. 5c. First, it can be
observed that the ratio of C1s to O1s shows obvious increase with the
increase of the temperature from R.T. to 200 °C, indicating the effective
thermal reduction of GO network promoted by the MPTS molecules. It
should be noted that further increasing the environmental temperature
produces slightly increased ratio of C1s to O1s, although the C1s/O1s
ratio values at such temperatures are still higher than that at R.T.
condition. On the other hand, as shown in the insets in Fig. 5c, four
typical peaks i.e. Si2s, Si2p, S2p and S2s present different change tendency with increasing the environmental temperatures. Compared with
the stable and unchanged Si2s and Si2p peaks, the S2p and S2s peaks
show relative increase with increasing the temperature to 150 and
200 °C, respectively; while the 300 or 400 °C treatment decrease the
relative intensity of S2p and S2s peaks significantly, suggesting their
effective thermal composition. This phenomenon is well consistent with
the change of C1s/O1s ratio as observed above, indicating that the
intrinsic property and thermal stability of sulfydryl terminal groups of
MPTS molecules play crucial roles in reducing the GO network.
To clarify the promoted thermal reduction mechanisms, the C1s and
S2p core level spectra of the MPTS-GO papers at different temperature
conditions (R.T. to 400 °C) were peak-fitted and shown in Fig. 6a. The
C1s peak of MPTS-GO paper contains six typical chemically shifted
components [46]: C-Si (284.0 eV), sp2 C=C (284.7 eV), sp3 C-C
(285.4 eV), C-O (286.7 eV), C=O (287.2 eV) and C(=O)O (289.0 eV)
[27,47], and the S2p peak shows four typical components: S-H

To understand the role of MPTS functionalization on influencing the
thermal reduction mechanism of GO network, the structural characterizations and evolution of the MPTS-GO-10 wt% paper at various
temperature conditions were conducted and analyzed. As shown in
Fig. 5a, FTIR spectra of the MPTS-GO-10.0 wt% papers indicate that the
oxygen functional groups at ~1715 cm−1 and ~1090 cm−1 of the
MPTS-GO paper gradually disappear with increasing the temperature
from the R.T. to 400 °C, and the C=C peak at ~1610 cm−1 shows
obvious increase and shifts to ~1580 cm−1, suggesting the effective
removal of oxygen groups and the restored sp3 structure. After the
burning test, the peak appearance of Si-C at ~790 cm−1 and the increased peak at ~ 1080 cm−1 indicates that the MPTS molecules and
the GO sheets transform into inorganic nano-silica/reduced GO structure, which was well clarified in our previous work [22]. The XRD results can support the above analysis. With the increase of the environmental temperatures from R.T. to 150 °C, the typical peak at 9.96°
of the MPTS-GO paper first shifts to higher degree of 10.90° (Fig. 5b),
suggesting the decreased interlayer spacing, which is likely attributed
to the removal of some hydroxyl groups between the sheets [45].
Further increasing the temperature results in the disappearance of
sharp peak at 10.90° and also induces the weak peak at ~22.50° to shift
to high degree e.g. 22.88° and 24.12° for 300 and 400 °C, respectively.
This indicates the presence of some stacked sheets after the effective
thermal reduction of GO network promoted by the MPTS at high temperature.
7
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Fig. 6. Thermal reduction behavior analysis of MPTS-GO paper. (a) C1s XPS spectra analysis of MPTS-GO-10 wt% papers at different environment temperatures;
Analysis of the deconvoluted (b) S2p and (c) C1s peaks from XPS and their relative atomic percentage at different environment temperature conditions.

(163.3 eV), S-S (164.5 eV), RSO22- (165.0 eV) and RSO32- (168.5 eV) ,
which is likely due to the low temperature condition used in the fabricating process [48]. After 150 or 200 °C treatment, the C-O, C=O and
S-H bonds gradually decrease and the C=C, S-S and RSO32- exhibit
obvious increase (see Fig. 6b and c), demonstrating the effective
thermal restore of in-plain sp2 domains promoted by S-H bond of MPTS
molecules. Comparatively, the presence of 300 or 400 °C treatment can
remove the oxygen groups effectively, but the content of C=C bonding
show slight increase, indicating the recovery of the conjugated plane of
graphene, which agree with the slight decrease of the resistance change
observed in Fig. 4c. Therefore, the obvious increase of C1s/O1s ratio
value observed at 300 or 400 °C in Fig. 5c should be attributed the
formation of silica nanoparticle after thermal decomposition of Si-O-Si
bonds [40], not the oxidation of C=C or C-C bonds. More importantly,
the high temperature of 200–400 °C would promote the ring-opening of
epoxy groups by an attacking alkylthio anion, especially after addition
of alkylthio anion in the sulfur atom; subsequently, the elimination of
disulfides produces a negative charge on the sp3 carbon of graphene
sheets to delocalize with the hydroxyl groups on the neighboring
carbon and then be neutralized by a proton into H2O, which was well

clarified by Fan et al. [47]. Notably, the high temperature environments
of 200–400 °C would accelerate the recovery mechanism of GO network
after addition of the sulfydryl groups and generate more alkylthio radicals as the intermediates. This is supported by the fact that the specific content of S-S bonding decreases significantly with increasing the
temperature (Fig. 6a), although the relative content of S-S bonding in
the total peaks shows slight increase at 400 °C (Fig. 6b). Therefore, it is
reasonable to speculate that the thermal composition of sulfydryl
groups at the high temperature condition could promote the effective
radical process, thus providing the improved fire early warning response (Table 1). Of course, much more work is still needed to clarify
the above thermal reduction behavior of GO at different temperatures.
4. Conclusions
In this work, we reported a green and one-step low-temperature
evaporation-induced self-assembling approach to prepare the flameretardant MPTS modified GO papers. After the MPTS functionalization,
simultaneous improvements in flame resistance and alarm response of
GO network were obtained. Typically, the presence of 10.0 wt% MPTS
8
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molecules improved the thermal stability and flame resistance of GO
sheets significantly and produced an ultra-fast flame detection response
of only about 1.0 s. Moreover, the MPTS molecules with sulfydryl
terminal groups promoted the thermal reduction of GO network effectively, leading to improved fire early warning response time when
compared with other silane molecules, e.g. 343 s at 200 °C for pure GO
paper to 398 s at 200 °C for EPMS-GO-10 wt% paper and 232 s at 200 °C
for MPTS-GO-10 wt% paper, respectively. Based on the structural observation and analysis, the sulfydryl groups of MPTS molecules may
facilitate the removal of oxygen groups of GO at high temperature,
which thus produced the much quicker transition from the insulating
GO network into the interconnected reduced GO conductive path to
achieve the improved fire alarm response. This work will provide a
facile route to design and development of flame-retardant GO paper as
efficient fire alarm response sensor for potential fire safety and prevention applications.
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