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H I G H L I G H T S

• Hybrid PEG/GONR/MMT networks are constructed via a bio-inspired strategy.

• The hybrid networks produce synergistic reinforcing and toughening efficiencies.

• The nacre-like networks show excellent flame resistance and structural stability.

• Efficient fire alarm responses (fire rapid detection and early warning) are obtained.
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A B S T R A C T

Water-based hybrid graphene oxide nanoribbon (GONR)/montmorillonite (MMT)/polyethylene glycol (PEG)
networks were prepared by using a facile bio-inspired low-temperature evaporation induced assembling process.
Multiple non-covalent and covalent interactions together with a high orientation level of MMT were constructed
in the hybrid PEG/MMT/GONR networks. As a result, the hybrid networks exhibit synergistic reinforcing and
toughening efficiencies when compared with the composites modified with the single-phase filler, e.g. 152% and
167% increase in tensile strength for the optimized ternary composites in comparison with those of the binary
composites. Moreover, the nacre-like hybrid networks show excellent flame resistance and structural stability in
a flame due to the formation of interconnected and compact char after combustion, which can be applied as
protective coatings to combustible materials. The hybrid coatings not only improve the flame-retardant property
(e.g. ~46% decrease in heat release rate at 30 wt%) of the combustible PU foam materials significantly, but also
provide ideal fire alarm responses (e.g. rapid flame detection of ~2 s and effective fire early warning signals in
pre-combustion). Owing to the green and versatile synthesis scheme, excellent mechanical performance and
flame resistance, these hybrid PEG/MMT/GONR networks are promising widespread application.

1. Introduction

Considerable biological materials possess perfect unification of the
unique structures after millions of years of evolution and thus achieve
optimized performance [1]. Normally, these materials are composed of
organic/inorganic complicated compositions arranged in hierarchically
ordered structures at multi-scale levels [2,3], enabling them to produce
exceptional mechanical property (e.g. high stiffness and strength) and

excellent functionality (e.g. effective barrier property and flame re-
sistance) [4,5]. Among them, nacre with outstanding stiffness, strength
and toughness and excellent flame resistance is one of the most re-
presentative biological systems.

Nacre, a typical organic/inorganic biomineral lamellar composite
[6], contains inorganic aragonite and organic bio-molecules that have
ordinary mechanical properties (e.g. low strength and toughness) [7].
During the nacre formation process, mollusks first releases insoluble β-
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chitin matrix, which absorbs amorphous aragonite in the iridescent
inner layer of shell [8]. Then aragonite cores as the nucleation sites
induce the lateral growth in the confined space of organic layer to as-
semble into two-dimensional crystal platelets in the same orientation
level [9]. Consequently, these aragonite platelets are well bound by an
organic matrix to generate multiple physical and chemical interactions,
and gradually form a unique “brick-and mortar” structure [4,10]. Based
on the above fascinating process, the layered nacre possesses the high
strength and toughness that are far beyond their ordinary components,
showing distinct synergistic reinforcing and toughening efficiencies
that are mutually exclusive in most artificial materials [11]. Therefore,
bio-inspired design and synthesis of the hierarchically ordered struc-
tures have attracted considerable interest for developing surpassing
structural materials [4,10,12].

During the past decade, various fabricating strategies, including
self-assembly technique [4,13–16], layer-by-layer (LbL) assembly
technique [17–20], ice-template synthesis [21], and predesigned ma-
trix-directed mineralization [10], have been explored to construct a
nacre-like structure. The well-aligned sheets and multiple interactions
play important roles in determining the final mechanical performance
and functionality of the synthetic nacre-like materials [4]. Previous
work indicates that some of the above strategies are effective to mi-
micking the layered structure and even obtain strong interactions
among the compositions in the artificial materials, thus producing si-
multaneous improvements in their strength and toughness. However,
most of these approaches still involve in complicated processes (e.g.
many repetitive coating times of LbL method [18]) and high-tempera-
ture treatment [22,23], making them less desirable for practical ap-
plications. Moreover, environmental and safety concerns are elim-
inating the use of harmful solvents in the previous methods. Therefore,
it is imperative, but also challenging, to construct the biomimetic
layered structure by anisotropic assembly of building block via a facile,
green and scalable strategy.

In the present work, we describe a bio-inspired green and facile
strategy to prepare a mechanically flexible hybrid montmorillonite
(MMT)/graphene oxide nanoribbon (GONR) networks via using a
water-based, solvent free and low-temperature evaporation induced
assembly approach. The multiple non-covalent and covalent interac-
tions among the GONR, the MMT and the polyethylene glycol (PEG)
molecules are designed and constructed to produce synergistic re-
inforcing and toughening effects in final paper. Furthermore, the flame-
retardant properties and the related mechanisms of the hybrid PEG/
MMT/GONR (PMG) networks were discussed and analyzed. Based on
the simple dip-coating method, the flame resistance of two combustible
substrates coated with the hybrid PEG/clay/GONR are conducted and
compared. Moreover, the flame-induced electrical resistance changes of
GONR network in the PMG can offer effective fire warning signals for
fire prevention and safety applications.

2. Experimental section

2.1. Materials

Montmorillonite (MMT) with purity> 98% and several micro-
meters (Fig. S1a) was obtained from Nanocor Co., Ltd. Multi-walled
carbon nanotubes (MWCNTs) with 20–50 nm in outer diameters (Fig.
S1b) were purchased by Najing Xianfeng Nanomaterials Technology
Co., Ltd., China. Commercial polyurethane (PU) foam (~20 mg/cm3)
was provided by Zhejiang Hangzhou Guangsheng Foam Plastic Com-
pany, China. Other reagents including concentrated sulfuric acid
(H2SO4, ≥98 wt%), potassium permanganate (KMnO4), hydrogen
peroxide (H2O2, 30 vol%), filter paper and PEG (with different mole-
cular weight values of 2000, 4000, 6000 and 20,000) were supplied
from Sinopharm Chemical Reagent Co., Ltd., China.

2.2. Preparation of GONR and PMG nanocomposite paper

GONR/water solution was synthesized by longitudinal unzipping of
MWCNTs according to the previous work [24,25]. The PMG nano-
composite paper was prepared via the following process. First, the PEG
was dispersed in deionized water to obtain a homogeneous dispersion
(2.5 mg/mL). Then, the clay (i.e. Na-MMT)/water solution was ultra-
sonically dispersed in PEG solution until the stable PEG/MMT (PM)
suspension was achieved. After that, the GONR/water solution (10 mg/
mL) was slowly added into the above PM mixture under continuous
stirring to obtain a highly dispersed PMG/water solution. And then, the
above solution was put into a petri dish with a diameter of 80 mm and
then dried at 50 °C for 24 h to assembly into the free-standing PMG
nanocomposite paper. Finally, the PMG paper was further hot-pressed
and dried at 80 °C for 2 h to obtain the final paper. For comparison, the
PM paper and PG paper were prepared by the same fabricating process
as described above. The designation of the PMG composites with dif-
ferent amounts of MMT and GONR is symbolized as PxMyGz, with x/y/
z standing for the weight ratio of the relevant components. For ex-
ample, P1M1G1 represents the nanocomposite paper containing 1 phr
PEG, 1 phr MMT and 1 phr GONR, respectively.

2.3. Preparation of combustible materials coated with PMG coatings

Two combustible substrates i.e. PU foam and filter paper were
coated by the PMG/water solution by using an extremely simple dip-
coating procedure. First, commercial PU foam and filter paper were cut
into small and them cleaned by ethanol and dried at 80 °C for 6 h. Then,
the combustible substrates were directly dipped into the as-prepared
PMG/water solutiom with the assistance of vacuum pump. Finally, the
above combustible materials filled with PMG/water were put in a
container and then dried at 80 °C for 12 h to obtain the PMG-coated
combustible materials.

2.4. Characterizations

The micro-structure and morphology of various fillers and PMG
paper were examined by transmission electron microscopy (HITACHI
H-7650) and scanning electron microscopy (Zeiss ultra plus and
HITACHI S-4800). Fourier transform infrared spectra of various mate-
rials and PMG paper were conducted by using a Nicolet 7000 FTIR
(Nicolet Instrument Company, USA) between 400 and 4000 cm−1. XPS
measurements of the materials and PMG samples were performed by
using the VG scientific ESCALab 220I-XL (containing Mg Kα X-ray
source and a hemispherical electron analyzer). Thermogravimetric (TG)
analysis of various samples was made by using a TA Instruments Q500,
and the testing condition was from room temperature to 800 °C with a
heating rate of 10 °C/min in air atmosphere.

The mechanical properties of various papers were tested by using
DMA Q800, and the maximum load cell is 18 N and loading speed is
1 mm/min. All the samples were cut into 20 mm in length and 3 mm in
width, and the sample thickness values were measured by using SEM
image. Five specimens for each sample were conducted to obtain the
average value of the mechanical properties. The burning tests of the
samples were directly exposed on an ethanol flame to observe the
combustion behavior, and the morphologies after the burning test were
examined by SEM. For the fire alarm sensor, the optimized PMG papers
or PMG-coated PU samples were directly connected with a DC electric
source of 12 V and an alarm light. The sample was carefully affixed to
the copper electrodes by using silver paste to reduce the contact re-
sistance. The electrical resistance values of the sensor during the flame
attack and under the high temperature environment were measured by
a picoammeter (6487, Keithley Instruments). The flame-retardant
property of the PMG-coated PU foam samples were evaluated by the
UL-94 standardized vertical burning tests, and the combustion beha-
viors of the samples (100 mm× 100 mm× 10 mm) were conducted by
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a cone calorimeter device (Fire Testing Technology, UK) under a heat
flux of 35 kW m−2.

3. Results and discussion

3.1. Fabrication of PMG networks and structural characterizations

Fig. 1 shows the fabricating procedure of the hybrid PMG networks
by using a low-temperature evaporation induced assembling strategy.
MMT can be exfoliated into single-layer sheets with a thickness of
~1.0 nm in water with the help of sonication process [26,27], and PEG
molecules can be dissolved with the MMT/water at appropriate ratios
to obtain a uniform PEG/MMT/water suspension. Then, the well dis-
persed GONR aqueous solution was directly mixed into the above
blends to achieve a homogeneous PMG aqueous suspension. Owing to
considerable hydroxyl groups on the GONR/MMT surface and the PEG
molecules, the weak hydrogen bonding and van der Waals interactions
among the GONR, the MMT sheets and the PEG chains can be achieved,
leading to the PEG chains attached to the nanofiller surface (Fig. 1)
[26], which is critical for constructing the multiple interactions in the
hybrid organic/inorganic artificial nacre. During the following low-
temperature assembling process, the evaporation of water can induce
the hybrid PMG aqueous suspension to gradually form a thin and
aligned MMT-based structure due to the gravity [4]. A suspension
containing ~1.0 wt% of PMG solids was used to ensure a low viscosity
to create a quick flow and thus easily produce a biomimetic aligned
structure with a high level of sheet orientation. Further, during the low-
temperature assembling/drying process, the PEG molecules and the
GONR were infiltrated into the well-aligned MMT sheets and some
hydroxyl groups can react with each other to form chemical bonding
among them. Notably, the GONRs with a high length/diameter ratio
(see Fig. S1c and S1d) can bridge the sheets and form an interconnected
network in the hybrid coatings, thus producing a free-standing PMG
nanocomposite paper with excellent multi-functionalities (Fig. 1),

which will be discussed later.
To verify the complicated interactions among the hybrid PMG

coatings, several characterizations (including FTIR, TG and XPS results)
were conducted. FTIR measurements are performed to identify their
chemical reactions, and the results are shown in Fig. 2a. Typically, the
characteristic peaks of the used materials (i.e. PEG, MMT and GONR)
can be clearly observed to confirm their intrinsic chemical structures,
e.g. Si-O (1038 cm−1) and OeH (3446 cm−1) for MMT, CeOeC
(1039 cm−1) and OeH (3441 cm−1) for GONR, and CeC (842 cm−1),
C-H2 (2887 cm−1) and OeH (3442 cm−1) for PEG molecules. These
considerable hydrophilic OeH groups make them be steadily dispersed
in water solution (see Fig. 1). After the high-temperature treating
process, the characteristic peaks at 3441–3445 cm−1 for the stretch
vibration of OeH of the above materials show a slight shift to
3431 cm−1 in the hybrid PMG coatings, suggesting the existence of
hydrogen bonding among them [4]. Further, the appearance of a new
peak at 1081 cm−1 in the PMG is assigned to the Si-O-C bonds, in-
dicating the formation of chemical bonding between the MMT and the
GONR or PEG molecules since the condensation reaction among the
hydroxyl groups would be accelerated during the drying process [28].
Similar phenomenon of covalent reaction between the hydroxyl groups
of GO sheets and the silanol groups of silane molecules was observed at
the low-temperature condition [29–32]. The above results indicate that
the multiple non-covalent and covalent interactions formed in the final
hybrid PMG paper.

To further clarify the related chemical interactions among the hy-
brid PMG paper, XPS spectra of the materials and the paper were
conducted. As expected, the GONRs in Fig. 2b present two peaks, i.e.
C1s (~286 eV) and O1s (~533 eV) due to many oxygen groups attached
onto the nanoribbon after the functionalization of MWCNTs. In case of
the XPS spectra of MMT, many peaks can be observed, e.g. Al2p
(~23 eV), Si2p (~103 eV), Si2s (~154 eV), C1s (~286 eV) and O1s
(~533 eV) due to its complicated composition. Comparatively, the
above typical peaks of GONR and MMT are also visible in the hybrid

Fig. 1. Illustration of fabricating process of PMG paper. A homogeneous PEG/MMT/GONR hybrid aqueous mixture can be obtained by using an extremely simple and
green process. Based on the low-temperature assembling and drying strategy, the formation of multiple non-covalent and covalent interactions in the biomimetic
aligned structure is achieved and produces a free-standing PMG nanocomposite paper with excellent multi-functionalities.
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PMG paper, but the C/O atomic ratio calculated from the peak area of
C1s to O1s shows an obvious change due to the introduction of PEG
molecules. The C1s spectrum of GONR and P1M1G1 paper in Fig. 2c and
d show similar five chemically shifted components: 284.5 eV (C]C),
285.1 eV (CeC), 286.5 eV (CeO), 287.1 eV (C]O), and 288.6 eV (C(]
O)eO) [24,33]; the increased CeO and decreased C]O binding energy
imply the formation of covalent bonding among the hybrid PMG, which
is confirmed by the Si2p core level spectrum in Fig. 2e. Compared with
Si-OH bonding in the pure MMT (see the inset), a new peak of Si-O-C at
102.1 eV the Si2p XPS spectra (Fig. 2e) indicate a possible condensation
reaction between the silanol groups of MMT and the hydroxyl groups of
PEG or GONR [34]. These XPS results are consistent with the above
FTIR results, further demonstrating the multiple interactions formed in
the final PMG nanocomposite paper.

The chemical compositions of MMT, GONR, PEG and PMG were also
performed by TG analysis, as shown in Fig. 2f. Normally, both GONR
and MMT fillers show initial mass loss below 100 °C probably due to the
evaporation of the adsorbed water [35]; while they present different
tendency in weight loss at a high temperature range. Compared with
the unchanged weight of MMT, the GONR displays a maximum de-
composition at ~220 °C under air atmosphere due to the thermal
composition of unstable oxygen groups [31]. Comparatively, for the
PMG paper, the maximum weight loss occurs at 260–290 °C, which is
higher than that of PEG and GONR, although the initial mass loss of the
PMG paper below 200 °C shows worse than that of the pure PEG bulk.
Moreover, a second weight loss range at 500–600 °C can be observed for
the P1M1G1 paper, which is likely due to the thermal decomposition of
the cross-linked structure, as illustrated in the above FTIR and XPS

Fig. 2. Structural characterization and analysis. (a) FTIR spectra and (b) XPS spectrum of MMT, GONR and P1M1G1 nanocomposite paper, (c) C1s XPS spectrum of
GONR, and (d) C1s and (e) Si2p XPS spectra of P1M1G1 paper (insert: Si2p XPS spectrum of MMT). (f) TG curves of PEG, GONR, MMT, and P1M1G1 nanocomposite
paper.
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results.

3.2. Morphology characterization and analysis

To further explore the effect of hybrid MMT and GONR on the
morphology and microstructure of the PMG networks, the SEM fracture
surface images of the P1G2, P1M2 and P1M1G1 papers were performed
and shown in Fig. 3. Typically, the binary P1G2 paper displays a rela-
tively smooth surface and many GONRs are visible and well embedded
in the PEG matrix (Fig. 3a). The cross-section fracture surfaces in
Fig. 3b and c exhibit a compact morphology and GONRs are uniformly
dispersed in the matrix. Comparatively, the P1M2 paper presents dif-
ferent morphologies and structures. From the surface, a rough surface
with many isolated particles can be observed in Fig. 3d, implying the
possible formation of MMT cluster. The fractured surface of the P1M2

paper exhibits a certain aligned morphology of the 2D MMT sheets
(Fig. 3e), while the interfacial interactions between the adjacent MMT
sheets and the MMT/PEG seem to be not strong since obvious gaps
between the sheets are visible in Fig. 3f. With respect of the hybrid PMG
nanocomposites, the surface and cross-section morphologies are dif-
ferent. First, although the surface morphology shows similar smooth as
that of the P1G2 paper, the MMT cluster shown in the binary P1M2 paper
disappears in Fig. 3g, and the hybrid GONR and MMT forms an inter-
connected network on the surface, indicating that the presence of
GONRs improves the MMT dispersion effectively. Second, the cross-
section images of the P1M1G1 paper demonstrate a highly aligned
structure when compared with that of the P1M2 paper (Fig. 3h). This
suggests that the addition of GONRs promotes the high level of sheet
orientation, thus forming a typical nacre-like inorganic/organic layered
structure. Further, no obvious gaps among the sheets can be seen in
Fig. 3i, implying that the interfacial interactions among the MMT

sheets, the GONR and the PEG matrix are significantly improved. This
would result in different impacts on reinforcing and toughening effi-
ciency, which will be discussed in the following section.

3.3. Mechanical properties

Normally, the pure PEG molecules cannot form a continuous mo-
lecular network (see Fig. S2a); while incorporation of GONR or MMT
and their hybrid filler into the PEG can produce free-standing papers as
indicated in Fig. S2b-S2d. The representative stress-strain curves of the
binary and ternary PMG nanocomposite papers are plotted in Fig. 4,
and the results of Young’s modulus, ultimate tensile strength and
toughness are shown in Fig. 4b and c. For the binary PM or PG paper,
the mechanical strength and ductility are strongly dependent on the
content of MMT, and the higher content of MMT/GONR produces a
pronounced increase in Young’s modulus and ultimate tensile strength
but decreases the elongation at break significantly (Fig. 4a). (The PM
paper with ~33 wt% MMT shows a good balance between the elon-
gation at break and tensile strength and excellent structural integrity in
Fig. S3a–S3b). In comparison, incorporation of GONR into the above
PM network can further enhance the tensile properties via adjusting the
GONR content and PEG molecular weight (Fig. S3c–S3d). Clearly, the
combined use of GONR and MMT at an appropriate ratio can produce a
dramatically improved stiffness, strength and toughness, along without
altering the ductility.

For the P1G2 and P1M2 papers, the ultimate tensile strength is about
5.56 MPa and 5.91 MPa, respectively; and similar Young’s modulus
values e.g. 1.20 GPa and 1.28 GPa can be obtained. At ~33 wt% GONR
and ~33 wt% MMT, the ultimate tensile strength of the hybrid P1M1G1

nanocomposite paper is about 14.87 MPa (Fig. 4b), i.e. 152% and 167%
increase when compared with those of P1G2 and P1M2 papers,

Fig. 3. Surface and cross-section SEM morphology of various papers: (a–c) P1G2 paper, (d–f) P1M2 paper, (g–i) P1M1G1 paper, which show a typical nacre-like layered
structure.

Z.-R. Yu, et al. Chemical Engineering Journal 405 (2021) 126620

5



respectively. Similarly, dramatic improvement in Young’s Modulus was
also found in Table S1, e.g. from 1.20 GPa for P1G2 and 1.28 GPa for
P1M2 to 1.97 GPa for P1M1G1. Moreover, the toughness values of the
P1G2 and P1M2 papers by calculating the area under stress-strain curve
are 2.73 and 12.47 MJ/m3, respectively. The hybrid P1M1G1 nano-
composite paper shows a toughening effect as high as 175% (34.29 MJ/
m3), as indicated in Fig. 4c and Table S1. The above results demonstrate
that the combined use of GONR and MMT at an appropriate ratio
produce a synergistic reinforcing/toughening efficiency because of the
achievement of a high level of dispersion and orientation of MMT na-
nosheets, a formation of interconnected GONR/MMT network, and
multiple interactions in the hybrid PMG paper.

Summarizing the above results, the hybrid GONR and MMT can
copolymerize with the PEG molecules to prepare strong and tough PEG
based nanocomposite paper, which are ascribed to the multiple hy-
drogen interaction and chemical bonding among the hybrid GONR/
MMT/PEG and the alignment structure of MMT sheets (as observed in
Fig. 3) [36]. The proposed mechanism of the multiple interactions is
shown in Fig. 4d. Typically, the PEG molecules afford abundant of
hydroxyl groups in the vicinity of uniformly dispersed GONR or MMT
sheets to produce the non-covalent bonding between matrix/filler and/
or filler/filler and chemical bonding during the drying process (as de-
scribed in Fig. 2 and Fig. S4). Such multiple interactions would induce
different fracture behaviors and morphologies. The lateral view profiles
of the fracture morphology for the PG, PM and PMG papers are shown

in Fig. 4e–h. For the P1G2 paper, a smooth fracture surface can be
clearly observed, suggesting the low fracture energy consumption
during the failure process, which is consistent with the low toughness
value in Fig. 4c. In comparison, the obvious curling morphology of
MMT and poor interfacial interactions among the sheets can be seen in
the P1M2 paper, which would be favorable for absorbing fracture en-
ergy. With respect to the hybrid PMG paper, some GONRs are visible to
bridge the adjacent MMT sheets in Fig. 4g and h, which would be
helpful for promoting the stress transferring among the sheets [37].
Meanwhile, the bridged GONRs can stabilize and stop large and
harmful cracks to destroy the paper, thus providing much more energy
consumption during the failure process. Indeed, at this stage, it remains
difficult to clarify the complicated interactions and the related failure
behaviors in the PMG paper. Clearly, the combined use of GONR and
MMT is very effective for fabricating high-performance engineering
PMG nanocomposite papers with attractive mechanical strength and
toughness.

3.4. Combustion behavior

To evaluate the effect of interconnected GONR and MMT networks
on the flame resistance of PEG polymer, the nanocomposite papers were
directly exposed on the flame of the alcohol lamp (a flame temperature
of 400–500 °C). As shown in Fig. 5a and b, the pure PEG and PG papers
show rapid combustion behaviors until the samples are completely

Fig. 4. Mechanical properties and fracture surface analysis. (a) Tensile stress-strain curves, (b) Young’s modulus and strength and (c) toughness of various binary and
ternary composite papers, confirming the synergistic reinforcing/toughening effect between the GONR and MMT. (d) Schematic illustration of multiple hydrogen
bonding and chemical bonding in the PMG paper. High-magnification SEM images of fractured surface for various papers: (e) P1G2 paper, and (f) P1M2 paper, and (g,
h) P1M1G1 paper.

Z.-R. Yu, et al. Chemical Engineering Journal 405 (2021) 126620

6



Fig. 5. Combustion behaviors of various samples: (a) PEG bulk, (b) P1G2 paper, (c) P1M2, paper and (d) P1M1G1 paper. The combined used MMT and GONR produces
improved flame resistance in the final PMG paper.

Fig. 6. Flame retardant mechanisms analysis. (a) Digital photograph and (b–d) surface/cross-section SEM images of P1M2 paper after the burning test, showing some
cracks on the surface and obvious structural damage. (e) Digital photograph, (f–h) surface SEM and EDS-mapping images and (i–l) cross-section SEM and EDS-
mapping images of P1M1G1 paper after the burning test, confirming the formation of stable interconnected structure and compact char surface.
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burnt out (see Movie S1). After addition of MMT in the PEG matrix, the
P1M2 paper in Fig. 5c exhibits excellent flame resistance even for ~90 s
on the flame due to the formation of inorganic MMT protective layer,
although the sample present obvious curling phenomenon (Movie S2).
By contrast, the P1M1G1 paper also shows outstanding flame retardancy
even for the 120 s burning test, and the structure stability can be well
kept since no obvious curling phenomenon is observed, as indicated in
Fig. 5d and Movie S3. Clearly, the combined use of the GONR and MMT
sheets alters the combustion behavior of combustible PEG and pro-
motes the structural integrity of such artificial nacre.

SEM images of the PM and PMG papers after the burning test were
conducted to disclose the flame-retardant mechanisms, and the results
are shown in Fig. 6. As shown in Fig. 6a, addition of inorganic MMT can
improve the flame resistance of the PEG molecules, while some micro-
cracks on the surface and the formation of obvious damage structure on
the cross-section are observed in Fig. 6b–d. Comparatively, the digital
photo and cross-section SEM image of the P1M1G1 paper after com-
bustion confirm that the interconnected structure can be well kept after
the presence of GONR (Fig. 6e and f), although the inorganic MMT
content is much lower than that in the P1M2 paper. This suggests that
the GONR can effectively promote the char formation during the
burning process, supported by the uniform distribution of C and Si
elements in Fig. 6g and h. The surface morphology after the burning can
offer more solid evidences. A compact char surface with the well at-
tached GONR and no micro-cracks can be seen in Fig. 6i, and the C and
Si elements in Fig. 6k and l also exhibit uniform distribution on the
surface, further demonstrating the improved flame resistance by using
the hybrid GONR and MMT.

3.5. Fire safety and prevention of PMG networks for combustible substrates

The flammability of combustible materials causes many fire acci-
dents in public places every year, thus leading to massive casualties and
property loss [3]. It is imperative to improve fire resistance of the
combustible materials and obtain rapid fire alarm and early warning
responses. The abovementioned results of the P1M1G1 networks in-
dicate their good mechanical flexibility and excellent structural stabi-
lity as well as flame resistance, which can be used as a green flame-
retardant coating for various combustible materials. Herein, two com-
bustible materials i.e. PU foam and commercial filter paper (Pure CFP)
that were widely used in various fields from the external wall thermal
insulating materials in the high-rise building to the packing materials in
our daily life were chosen as the substrates [38,39]. The PU foam or
CFP coated with the hybrid PMG were fabricated by a very simple dip-
coating process (see Fig. 7a). The content of PMG coating on PU foam
surface can be simply tailored by using a centrifugation process and
adjusting the PMG content in water (Fig. S5). The centrifugation pro-
cess can avoid the unexpected PMG to obtain uniform coating on the
skeleton [40–42]. Consequently, the pore blocking phenomenon that
was observed in previous polymer/filler coated foams can be overcome
in our PMG-coated PU foam composites (comparing Fig. 7b with
Fig. 7c) [43,44]. Furthermore, the hydroxyl groups of the hybrid PMG
should interact with the NeH groups of PU foam [45], and thus form
good adhesion onto the skeleton, as shown in Fig. 7d. Careful ob-
servation in Fig. 7e and f and Fig. S5 indicates that the compact and
interconnected GONR/MMT networks with adjustable thickness values
(from 200 to 10,000 nm) are successfully constructed on the PU foam
surface.

Fig. 7. Fabrication and morphology of PMG coated PU foam nanocomposites. (a) Schematic of preparation of PU foam coated with PMG via dip-coating method. SEM
images of (b) PU foam and (c–f) P1M1G1-coated PU foam nanocomposites, demonstrating a formation of compact hybrid PMG coating on the PU skeleton with
~200 nm in thickness.
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In order to assessment the flame retardancy of the PMG nano-
composites coatings, the combustion behaviors (including the vertical
burning test) of the PU foam and commercial CFP paper coated
without/with the hybrid P1M1G1 networks were conducted, and the
results were shown in Fig. 8 and Fig. S6. As expected, both the uncoated
PU foam and CFP are flammable and easily ignited once encountering a
flame source (Fig. 8a and Fig. S6, and Movie S4). Especially, the PU
sample was burnt very quickly and dripped severely, which easily
causes serious fire accidents, e.g. London’s Grenfell Tower fire, Brazil’s
National Museum Fire, and Paris’s Notre Dame Fire, etc. [39]. However,
the coated samples (with about 2.0–10.0 wt% P1M1G1 coatings) show
improved flame resistance without melt dripping (Movie S4) and can
maintain their original size and structural integrity even after a long
time of combustion (Fig. 8b and Fig. S6), and no flame spread and rapid
self-extinguishing phenomenon can be obtained for the PU foam com-
posites with a high content of 30 wt% PMG coatings (Fig. 8c). This is
likely due to the formation of interconnected GONR/MMT networks on
the combustible substrates as shown in Fig. 6. The compact coatings are
believed to inhibit the oxygen and thermal transformation to attack the
inside organic molecules effectively [46,47]. Consequently, such arti-
ficial nacre of the GONR/MMT networks can produce excellent flame-
resistant property, showing a green and facile strategy for improving
the fire safety applications of various combustible materials.

The fire-retardant behaviors of the PMG-coated PU foam composites
were further assessed with cone calorimetry. Foams were exposed to a
defined heat flux of 35 kWm−2. As expected, the pure PU foam can be a
high heat release rate of ~200 kW/m2, and after 150 s combustion the
residual weight is close to 0%. Comparatively, the presence of PMG
coatings at 10 or 30 wt% decreases the heat release rate by ~46%
(~110 kW/m2, Fig. 9a), and the residual weight values after 150 s
combustion are much higher that of the pure PU foam, i.e. ~13.3 and
26.3% for the 10 wt% or 30 wt% PMG coatings (Fig. 9b), respectively.
Further, compared with the complete combustion of the pure PU foam

without no residue (Fig. 9c), the char of the PU sample containing 10 wt
% PMG coatings shows almost unchanged structure, while many ob-
vious cracks are seen in Fig. 9c. After addition of 30 wt% PMG coatings
the char present unchanged sample shape and size, and the structure
integrity was well kept. These above results demonstrate that the use of
hybrid PMG coatings improves the flame resistance of combustible PU
foam materials greatly.

Interestingly, the hybrid GONR/MMT networks can be also used to
provide ideal fire alarm responses due to the sensitive transition from
the insulating to conductive state when encountering a high fire risk,
e.g. a flame source or abnormal high temperature environment
[19,28,30,45,48–51]. As shown in Fig. 10a, the fire alarm sensor was
constructed by directly connecting the PMG networks with an alarm
light and a low-voltage electric source (e.g. 12 V). A typical demo
processing of the PMG paper for detecting a flame is shown in Fig. 10b
and Movie S5, and the electrical resistance change as a function of time
is shown in Fig. 10c. It can be clearly seen that the danger alarm can be
released in only 2 s after encountering the flame source, corresponding
to the electrical resistance change of about four orders of magnitude
[45]. And the alarm signal shows stable and continuous even after re-
moving the flame. Normally, due to the insulating state of the hybrid
PMG networks, the alarm light usually shows open circuit, indicating
no critical fire risk. Upon such flame source, the GONR network in the
hybrid coatings can be quickly thermally reduced into conductive
rGONR, thus activating a current flow to go through the alarm light
(Fig. 10c and Fig. S7), which offers reliable and timely fire alarm signals
[48].

Notably, the resistance of GONR network in the hybrid PMG coat-
ings is also strongly dependent on the environmental temperature, as
indicated in Fig. 10d. At 200 °C, the PMG networks also exhibit distinct
change in the resistance value and can activate the alarm light at
~450 s, such fire alarm response time dramatically decreases with in-
creasing the environmental temperatures. i.e. 160 s at 250 °C, 79 s at

Fig. 8. Comparison of vertical burning testing pro-
cesses: (a) pure PU foam and PU foam composites
decorated by different PMG coatings: (b) 10 wt% and
(c) 30 wt%. Clearly, compared with pure PU foam
with the easy ignition and rapid flame spread as well
as severe dripping and combustion, the presence of
30 wt% PMG coatings produces the excellent flame
resistance and keeps the structure integrity of PU
foam.
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300 °C and 11 s at 400 °C. Considering the fact that the ignition tem-
perature of most combustible materials ranges from 300 to 500 °C [52],
the above warning responses at low temperature indicate that the PMG
coatings can offer an ideal fire early warning signal for fire prevention
during the pre-combustion. The above results demonstrate that the
water-based hybrid PMG networks bio-inspired a green and facile
synthesis approach not only show excellent flame retardant property,
but also provide rapid flame detection response and ideal fire early
warning signal for reducing or avoiding the critical fire risk.

4. Conclusions

In summary, we developed a bio-inspired facile and green synthesis
approach to fabricate a green hybrid PMG interconnected networks via
using a water-based, solvent free and low-temperature evaporation
induced assembly method. The multiple hydrogen and chemical bonds
in the hybrid PMG paper were successfully constructed, and the opti-
mized PMG paper shows a typical nacre-like layered structure. The
mechanical property results demonstrated that the combined use of
GONR and MMT at an appropriate ratio produced a synergistic re-
inforcing and toughening efficiency. For example, compared with the
P1G2 and P1M2 papers with the ultimate tensile strength of about
5.56 MPa and 5.91 MPa and toughness of 2.73 and 12.47 MJ/m3, the
ultimate tensile strength and toughness of the hybrid P1M1G1 nano-
composite paper are about 14.87 MPa and 34.29 MJ/m3, respectively.
Further, such artificial nacre of the hybrid P1M1G1 network also exhibit
excellent flame-retardant property and can be applied as a flame-re-
tardant protective coating for the substrates (e.g. combustible PU foam

and filter paper). Interestingly, the nacre-like PMG networks also de-
monstrate ultra-fast flame detection response and ideal fire warning
signal in pre-combustion for monitoring the critical fire risk. Therefore,
the bio-inspired hybrid PMG interconnected networks developed in this
work are expected to be applicable for widespread application, espe-
cially for fire prevention and safety applications.
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Fig. 9. Cone calorimetry results of the PMG coated PU foam composites. (a) Heat release rate and (h) mass change of pure PU and PU composites with different
loadings at 10 and 30 wt% PMG coatings. (c) Photographs of pure PU and PMG coated PU composites before/after the cone calorimetry test. Compared with complete
combustion of pure PU foam, the presence of water-based hybrid PMG coatings reduced the heat release rate and kept the structural integrity.
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