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A B S T R A C T   

Fire warning sensor capable of rapidly monitoring critical fire risk of combustible materials growingly plays a 
crucial role in reducing or avioding fire disaster under complicated environments. Unfortunately, to date the 
rational design of smart fire warning sensors that are reusable and weather-resistant remains a major challenge. 
Here, we report a facile and green strategy for fabricating biomimetic polyethylene glycol or polyvinyl pyrro-
lidone polymer decorated Ti3C2Tx MXene networks that possess exceptional flame resistance and sensitive fire 
cyclic warning performance. Novel fire warning sensors that were constructed based on the as-prepared inher-
ently fire-retardant MXene networks exhibit ultrafast fire warning response and recovery time (~1.8 s and ~1.0 
s), resistance switching behavior with >4 orders of magnitude, and stable fire cyclic warning capability for 100 
cycles. Structural observation and analysis disclose that, upon flame attack, thermal pyrolysis of the polymer 
molecules facilitates the oxidation of MXene sheets to form a compact fish scale-like C/N dopped titania network, 
and meanwhile its electron excitation is thus activated to generate a sensitive resistance transition to trigger a 
rapid fire cyclic warning signal. More improtantly, the multifunctional MXene networks treated with silane 
modification not only endow combustible substrate with excellent super-hydrophobicity and outstanding flame 
resistance, but provide reusable and weather-resistant fire warning responses even after one-year outdoor 
exposure. Therefore, this work provides an innovative concept of advanced MXene composites and design of fire 
cyclic warning sensors for fire safety and prevention.   

1. Introduction 

Fire, as one of the earliest chemical reactions used by human beings, 
is accompanying with the whole mankind and is also promoting human 
civilization and development. However, fire is a “double-edged sword”. 
Since fire came into human history, serious disaster was also closely 
associated with it [1], for instance, the Great Fire of London in 1666 and 
the Chicago Fire in 1871. With the rapid development of various syn-
thesized polymer and textile materials in the modern time, the fire ac-
cidents show much more and more frequent due to their wide 
applications from express package to building insulation [2]. Some 
serious fires (e.g. the London’s Grenfell Tower Fire in 2017, the Brazil’s 
National Museum Fire in 2018 and the Paris’s Notre Dame Fire in 2019) 

not only bring great disasters to human beings and detrimental impacts 
on the surrounding environment [3], but induce irreparable property 
and priceless artifacts loss from the earth [4], which is mainly due to the 
low ignition temperature and rapid flame propagation of the combus-
tible materials (for example, flame heights of >9 m in 80 s for the wood 
materials) [5–8]. Therefore, it is imperative, but also challenging, to 
effectively monitor the critical fire risk and thus reduce/avoid the 
serious fire disasters. 

Typically, the combustion reactions of flammable materials are 
strongly dependent on the ignition temperature (to activate the thermal 
pyrolysis) and the combustive oxygen media (to feed the reaction) [9]. 
Once encountering a heat source, endothermic pyrolysis of combustible 
materials releases considerable decomposed product/smoke and creates 
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gaseous mixture as volatile fuel to promote the exothermic reaction 
[10–12]. Consequently, to restrict the flammability of the materials, one 
is to modify them with halogen or phosphorous/nitrogen compounds to 
interfere the volatile pyrolysis and interrupt the radical reactions (gas- 
phase activity) [13]. The other strategy is to construct a protective layer 
(condensed-phase activity) on the combustible materials via incorpo-
rating inorganic nano-fillers (e.g., clay, graphene) or assembling a flame 
retardant coating on the materials’ surface [14–17], which can inhibit 
the flammable volatile form diffusing to the flame and thus shield the 
inside combustible materials from the oxygen and/or heat. However, the 
halogen-based flame retardants release harmful toxic gases during 
burning, phasing them out due to environment and product concerns 
[18]. Meanwhile, the high content (>20 wt%) of flame retardants that 
are required to produce the ideal flame resistance induces the deterio-
ration on other key properties (e.g. density, flexibility and strength) 
inevitably [10]. Further, the complicated processing for constructing the 
flame retardant coatings and the use of solvents for dispersing nano- 
fillers make them less desirable for potential applications [19]. There-
fore, green, efficient and easy-to-fabricate flame-retardant materials 
that can meet the basic requirement of fire safety and prevention are 
therefore strongly needed. 

MXene, two-dimensional (2D) transition-metal carbides and/or 
nitride, is an exciting family of layered nanomaterials and has superior 
performance [20], showing promising applications in various fields, e.g. 
piezoresistive sensor [21–23], electromagnetic interference shield 

[24,25], supercapacitors [26], solar cell/battery [27]. Especially, the 
inorganic backbone of MXene coupled with high mechanical strength 
make it an ideal candidate for improving flame resistance and me-
chanical properties of polymeric materials [28]. Typically, Ti3C2Tx, as 
the most widely studied MXene, has been used to modify various poly-
meric matrices, e.g. polyurethane [29], polypyrrole [30] and epoxy 
[31]. Improved fire and smoke suppressions and strength of the MXene- 
polymer composites can be achieved [32–35], but the fabricating pro-
cesses are not desirable, e.g., complex time-consuming layer-by-layer 
assembly procedure. Considering the aqueous medium during fabrica-
tion, MXene terminated with surface hydrophilic moieties can be easily 
mixed with water-soluble polymer, showing promising to fabricate 
green flame retardant coating. Typically, combining polyethylene glycol 
(PEG) with 1D graphene nanoribbion and 2D clay aqueous solution 
formed the hybrid interconnected network as an effective barrier to 
resist the flame attack [36], the primary factor for flame retardant 
coating. Thus, commercial water-soluble polymers, like PEG and PVA, 
are ideal candidates for incorporating with aqueous MXene solution 
because they are abundant and low-cost. The oxygen containing func-
tional groups (e.g. –OH, ––O, and –COO) would facilitate the formation 
of hydrogen bonding with the termination groups of MXene sheets to 
form the interconnected network. Moreover, under a flame attack, the 
thermal oxidation of such MXene network would occur and thus pro-
duce the obvious resistance transition [29], which could produce a 
timely fire warning signal. To date, no polymer decorated MXene 

Fig. 1. Schematic fabrication of MXene papers and fire cyclic warning device. (a) Schematic preparation and structure of water-soluble PVP decorated MXene paper 
using a low-temperature assembly approach. (b) Schematic illustration and (c) digital images of cyclic fire detecting sensor device based on the MXene paper. Typical 
flame cyclic detecting process of (d) pure MXene paper and (e) electrically conductive PVP-modified MXene papers (flame attacking time of ~10 s). Clearly, once 
encountering a flame attack, the pure MXene paper cannot release a timely and rapid fire warning signal; while the PVP modified MXene can provide ultrafast and 
cyclic fire danger alarm response for the flame attack, showing promising for monitoring the critical fire risk of combustible materials. 
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networks with both exceptional flame resistance and sensitive fire 
warning response are available in the literature. 

Here, we demonstrate two types of polymer molecules (i.e., PEG or 
polyvinyl pyrrolidone (PVP)) decorated Ti3C2Tx MXene networks with 
exceptional flamer resistance and sensitive fire cyclic warning response. 
The nacre-like aligned MXene-polymer papers were fabricated by a 
simple and feasible low-temperature evaporation assembly approach via 
constructing multiple interactions between the MXene sheets and the 
polymer molecules (Fig. 1a). Fire warning sensor device was constructed 
via connecting the modified MXene paper with a low-voltage electrical 
source (<36 V) and an alarm lamp by using wire, as illustrated in Fig. 1b 
and c. Interestingly, compared with no fire warning signal release of 
pure MXene paper (Fig. 1d), the PVP-modified MXene networks not only 
possess outstanding flame resistance, but also offer a rapid fire warning 
signal once encountering flame (see Fig. 1e). Particularly, it is unex-
pected that these modified MXene networks demonstrate repetitive 
resistance transitions between the conductive and non-conductive states 
during the cyclic flame attack. Further, such MXene networks coupled 
with silane treatment can be used as multifunctional coatings of 
combustible materials with excellent flame resistance, super- 
hydrophilic surface and reusable weather-resistant fire warning per-
formance. Therefore, our finding paves an innovate way for design and 
development of advanced MXene-based composites for reliable flame 
resistance and sensitive fire cyclic warning. 

2. Experimental section 

2.1. Materials 

Ti3AlC2 precursor was purchased from Jilin Technology Co., Ltd. 
Polyethylene glycol (PEG, molecular weight of 800–20,000), polyvinyl 
pyrrolidone (PVP, molecular weight of 800–20,000), n-Octyltri-
chlorosilane (POTS, >98%), lithium fluoride salt (LiF, ≥98 wt%), hy-
drochloric acid (HCl, 35 wt%), and other reagents were bought from 
Sinopharm Chemical Reagent Co., Ltd. (China). All the chemicals were 
used without further purification. 

2.2. Preparation of MXene sheets and modified MXene paper/coating 

To fabricate MXene sheets, LiF (2 g) and 9 M HCl solution (40 mL) 
were mixed by stirring at room temperature, followed by the controlled 
addition of 2 g of Ti3AlC2. After etching at 35 ◦C for 48–72 h, the ob-
tained sample was washed using distilled water for several times until 
the pH is around 6. The above suspension was further sonicated for 0.5 h 
to obtain exfoliated Ti3C2Tx dispersion. The unexfoliated Ti3C2Tx was 
removed by centrifuging at 3500 rpm to obtain uniform MXene/water 
with different contents. Next, the water-soluble PVP or PEG molecules 
were added into the MXene solutions (5 mg mL− 1) under stirring for 0.2 
h. Afterward, the above uniform suspension was transferred to the mold 
and placed in oven at 50–60 ◦C for 24 h. After the low-temperature 
drying procedure, the MV or ME papers were fabricated. For conve-
nience, the MV or ME paper was symbolized as MV (x:y) or ME (x:y) 
paper, where x represents the MXene content and y indicates the PVP or 
PEG content. For instance, the MV (5:5) paper indicates the composites 
containing 50% MXene and 50% PVP molecules. To prepare the F-MV or 
F-ME papers, the POTS (1 g) was dispersed in isopropanol (250 mL) by 
stirring at R.T., and the above solution was then sprayed onto the as- 
prepared MV or ME papers followed by drying at 50–80 ◦C to remove 
the isopropanol. The filter paper with poor flame resistance and super- 
hydrophilic property was cut into the desired shapes and sizes. Then, 
the filter paper as substrates was immersed into MV/ME aqueous solu-
tion with a concentration of 6.5 mg mL− 1 for 10 min, following by 
removing excess liquid with a spatula. After that, the obtained coated 
filter paper material was dried in a vacuum oven at 50–60 ◦C for 2 h. And 
then the dipping and drying processes were repeated for several times to 
control the content of MV/ME coated onto filter paper. Finally, the 

POTS/isopropanol aqueous solution was sprayed onto the above sam-
ples followed by drying them at 50–80 ◦C for 2 h to prepare the multi-
functional MXene coatings (~20.0 wt%) onto the filter papers. 

2.3. Characterizations 

The morphology and structure of MXene and various samples were 
observed with a ZEISS Sigma 500 with an energy dispersive X-ray 
spectroscopy (EDS) detector. The compositions and functional groups of 
various materials were analyzed by Nicolet 7000 FT-IR and VG Scientific 
ESCALab 220I-XL XPS system, respectively. X-ray diffraction (XRD) of 
various samples were conducted by a D/Max 2550 V X-ray diffractor 
(Rigaku, Japan) with the 2θ range from 5◦ to 80◦. The water contact 
angles of various samples were measured on a DSA30 CA analyzer 
(Kruss, Germany) at room temperature. Electrical resistance of various 
samples (~10 × 10 mm) during the burning process was measured with 
a two-electrode method (ESCORT 3146A multimeter), and two flexible 
copper mesh as electrodes were carefully affixed with each end of the 
above samples. Themogravimetric analysis (TGA) results of all the 
samples studied were conducted by a TA Instruments Q500 from room 
temperature to 800 ◦C in air atmospheres with a heating rate of 10 ◦C 
min− 1. The thermal infrared images of samples during the burning 
process were recorded using an infrared camera (FLIR E60) with a 
temperature range from − 20 to 900 ◦C. 

3. Results and discussion 

3.1. Preparation and structural characterizations 

The MXene-based composite papers decorated with PVP and PEG 
molecules were fabricated by a simple mechanical mixing method fol-
lowed by a facile low-temperature evaporation induced self-assembly 
approach [37], as illustrated in Fig. 1a and Fig. S2a. Typically, MXene 
sheets were fabricated by a typical HF etching of the Al atoms from the 
Ti3AlC2 powder followed with a sonication treatment (Fig. S1a–c in 
Supporting Information (SI)) [38]; and the exfoliated MXene sheets have 
an obvious wrinkled surface and a lateral size of several micrometers 
with thickness of ~2 nm as observed by TEM and AFM (Fig. S1d and 1e 
in SI), implying few layers of the MXene sheets. XRD patterns confirm 
that compared with pure Ti3AlC2 powder with the characteristic (002) 
peak at 9.5◦ (Fig. S1f in SI), the MXene sheets exhibit an obvious shift to 
a lower angel (~6.2◦) with the absence of nonbasal plane peaks, indi-
cating the effective etching and exfoliation to form the uniform Ti3C2Tx 
(MXene, Tx indicates O, O-H or F group/element) dispersion in water 
[39]. As a result, the PVP or PEG molecules are dissolved and mixed with 
the MXene to obtain a homogeneous mixture solution. During the sub-
sequent low-temperature assembly, the evaporation of water can result 
in the mixture to gradually assemble into a nacre-like MXene-based 
aligned structure due to the gravitation [15,40]. Typically, the above 
mixture containing ~0.5 wt% of MXene sheets was employed to create a 
quick flow at a low viscosity and thus easily induce a biomimetic 
structure with a high level of orientation (see Fig. 2a). Cross-sectional 
SEM images of MV papers at different magnifications indicate the for-
mation of hierarchical structure and rough wrinkled morphology, sug-
gesting good mechanical deformation and flexibility [41]; and the 
complex folded boat or frog samples further confirm this (see Fig. 2a or 
Fig. S1a in SI). 

Owing to the considerable functional groups (e.g., amide groups of 
PVP and hydroxyl groups of PEG) and the O-H or F group/element of 
MXene surface, the formation of hydrogen bonding, coordinated 
complexation, van der Waals interactions [42], and/or covalent bond 
during the drying process [43], are constructed in the MXene networks, 
thus producing well distributed N, C and O elements in Fig. 2b and 
Fig. S1b in SI. FTIR results in Fig. 2c display that considerable hydro-
philic O-H and/or amide groups at ~3440 cm− 1 are observed for various 
materials (i.e., PEG, PVP and MXene) and make them be well dispersed 
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in water (see Fig. 1a and Fig. S1a in SI). After drying, the representative 
peaks at ~3442 cm− 1 for the stretch vibration of O-H slightly shifts to 
3432 and 3421 cm− 1 in the ME and MV papers, indicating the existence 
of strong hydrogen bonding between the MXene sheets and the polymer 
molecules [15]. Further, two additional amplified peaks appear at 1079 
and 553 cm− 1 and are assigned to the C–O–C and Ti–O–C bonds 
(Fig. S3 in SI), respectively, which are likely attributed to the chemical 
reaction between the functional groups of the MXene and the polymer 
molecules during the low-temperature assembly process [36]. XPS re-
sults in Fig. 2d further reveals that compared with O1s of MXene, the ME 
paper shows increased intensity of C–O at 532.7 eV and decreased in-
tensity of C–O(H) at 288.7 eV due to the formation of hydrogen 
bonding and/or covalent bonds [44]. Similar covalent bonding between 
the amide groups of PVP molecules and the hydroxyl groups of MXene 
sheets seems to be obtained in the MV paper since the increased 
Ti–O–C (289.2 eV) and tiny C–Ti–Ox (532.5 eV) as well as the 
appearance of O––C–N (530.9 eV) in the XPS C1s spectra are also 
observed in Fig. S3 in SI. Further, XRD patterns offer more evidence. The 
characteristic Ti3C2Tx (002) peak of all composite paper samples shifts 
to the lower value in comparison with that of the Ti3C2Tx-FL, owing to 
the presence of intercalated PEG or PVP molecules among the layers 
(Fig. 2e and Fig. S4 in SI), e.g., the broad (002) peaks below 5.0◦ and 
5.9◦ for 50 wt% PEG and PVP, respectively. 

3.2. Flame resistance and warning response 

Considering the thermal oxidation of MXene papers at high tem-
perature, they should generate a sensitive resistance transition when 
encountering flame and thus produces a fire warning signal under a 
circuit, as illustrated in Fig. 1b. The fire warning device was constructed 

by directly connecting the MXene papers with an alarm lamp and an 
electrical source via wire (Fig. 1c). For pure MXene paper, it can endure 
the 90 s combustion (inside temperature of 450–600 ◦C in Fig. 3a) owing 
to its inorganic framework, and its color turn from black to grey (see 
Movie S1 in SI); however, no fire warning signal is observed after 30 s 
flame attack (Movie S2 in SI and Fig. 1d), and the lamp is always illu-
minated during burning, implying the oxidation of MXene network is 
not complete. Comparatively, the presence of PEG or PVP molecules 
does not alter the flame resistance and structure integrity of MXene 
networks but induces much higher inside temperature of 600–800 ◦C 
during burning (see Fig. 3b and Fig. S5 in SI), thus producing the white 
residual char, which is different from the grey char observed in pure M 
paper. Further, these modified MXene papers can trigger a timely fire 
warning signal when encountering flame (see Movie S3 and Movie S4 
and Fig. S6 in SI). These above phenomena imply that the presence of 
the PVP or PEG molecules would promote the thermal oxidation of 
MXene networks during burning (discussed later). 

More interestingly, the MXene nanopapers modified with PEG or 
PVP molecules also present stable fire cyclic warning signals during the 
flame attack, which are hardly observed in previous fire alarm sensors 
based on the graphene oxide (GO)-based composites (Table 1) 
[14,37,45–56], or other composite systems e.g. phthalonitrile/acrylic 
latex paint [4], Ag/PANI/CF/textile [50], NPES/MWCNT/cotton fabrics 
[57], phenylacetylene-phenylimid/PET [58], and In2O3/ZnO/SnO2 
nanofibers [59]. As shown in Movies S3 and S4 in SI, after the first flame 
attack, the oxidized MXene networks can be still used to detect the flame 
attack, while such sensitive fire cyclic response is absent in the pure M 
paper. It is worth noting that the unexpected fire cyclic warning 
response is likely ascribed to the change of the highly conducting 
pathways supplied by the modified MXene network. As shown in Fig. 3c, 

Fig. 2. Structure characterization and analysis of the modified MXene papers. (a) Digital graph of the MV paper and the cross-section SEM images at different 
magnifications (inset: a boat-like folded sample, and the scale is 1 cm). (b) SEM-EDS mapping images of the MV paper for the chosen zone. (c) FTIR curves, (d) XPS 
results and (e) XRD patterns of various materials (PEG and PVP molecules, pure Ti3AlC2 and MXene), pure M paper, ME (5:5) and MV (5:5) papers. 
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compared with the unchanged resistance of pure M paper during the five 
cycles of flame, the sensors based on the MV (5:5) and ME (5:5) papers 
present obvious resistance change upon the first exposure to flame. The 
sensitive cyclic resistance-transition behavior can be attributed to the 
fact that the MXene network after thermal oxidation is at a break 
insulating state; when applying flame, a high current flow can be ob-
tained by the oxidized MXene network, suggesting the formation of 
highly conducting path during the flame attack. The sensitive cyclic 
resistance-transition of such MXene-based fire warning sensor can offer 
a readily distinguished signal for reusable fire safety and prevention. 

Beyond the cyclic fire warning capabilities, our devices also display 
rapid responses for applying or removing the flame resource with 
favorable response time of <2 s (Fig. 3d), which are better than the 
response time of traditional smoke detectors [60,61]. When flame is 
applied, the resistance decreases immediately, and the low resistance 
value can be retainable during the flame attack. When the flame is 
removed, the resistance can retrieve the high resistance value. The 
attack of flame and the resistance response of the device show a very 
good synchronization. The flame detecting response and recovery time, 
defined as the time required for the resistance to fall/rise by more than 
an order of magnitude, can be deduced from Fig. 3d. It is clearly seen 
that the falling and rising time (i.e., fire warning response and recovery 

time) is about 1.8 s and 1.0 s for the MV (5:5) and ME (5:5) papers 
(Fig. 3e), respectively, which is much faster than the >100 s response 
time for most traditional smoke detectors. The short response time of 
such MXene based sensor is also more remarkable or comparable with 
previous studies (Table 1), for example, GO/silicone resin coating (2–3 
s) [14], FGO/CNTs/wood pulp paper (~5 s) [46], HN/GF-GO paper (2 s) 
[45], phthalonitrile/acrylic latex paint (20 s) [4], Ag-d-Fe3O4 NWs/PP 
fabric (2 s) [62], P-GO HAP paper (3 s) [63], GO/FC/Polypropylene bars 
(~3 s) [47], GOWR/melamine sponge (~2 s) [48], GO/PDMAEMA/BN 
coated fabric (~15 s) [56], Ag/PANI/CF/Textile (~3 s) [64]. Such rapid 
and sensitive response can provide reliable and timely notification for 
people to deal with the critical fire risk of combustible materials with 
rapid flame spreading feature, e.g. >8 m flame spreading height in only 
80 s for warehouse fire [5]. 

Moreover, the above devices present stable exceptional switching 
behavior for different flame attack conditions with an unprecedented 
sensitivity. Fig. 3f shows the resistance value of the device based on the 
MV (5:5) paper exhibits good signal response for 300 s, 600 s and 1800 s 
flame attack. This indicates that the resistance values of the burned 
samples display an outstanding switching behavior even after a long- 
time flame attack process. Particularly, the flame detecting-releasing 
processes of the MV paper also show reversible behavior for different 

Fig. 3. Cyclic flame warning performance of MXene papers. (a) Combustion process and (b) the corresponding thermographic images of pure M paper and MV (5:5) 
paper. (c) Cyclic resistance response curves of pure M, MV (5:5) and ME (5:5) papers upon exposure to flame source (flame attack time in each cycle is ~10 s). (d) 
Representative resistance changes of various MV and ME papers for the first flame attack. (e) Typical response and recovery time of MV (5:5) and ME (5:5) papers 
during the cyclic detecting process. (f) Electrical resistance changes of the burned MV (5:5) paper under different flame attacking time of 300 s, 600 s, and 1800 s, 
respectively. (g) Resistance-time curves of the modified papers at different flame attacking time of 10 s, 30 s, and 60 s, respectively. (h) Resistance change curves of 
the MV (5:5) and ME (5:5) papers for 100 flame attack cycles (flame attacking time of 10 s in each cycle). 
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Table 1 
Comparison of material information and fire warning alarm response among our multifunctional MXene networks and other nano-material systems.  

Composition and type of composite materialsa Solvent in processing Surface super- hydrophobicity Alarm response time (s) Cyclic fire warning Ref 

GO/SiP coated PU foam Alcohol Yes 2–3 No [14] 
HN/GF-GO paper Water NMb 2 No [45] 
FGO/CNTs/wood pulp paper Water/acetic acid NM 5 No [46] 
Ag-d-Fe3O4 NWs/PP fabric Acrylonitrile NM 2 Yes [62] 
Phthalonitrile/Acrylic latex paint Acrylic latex NM 20 No [4] 
GO/FC/Polypropylene bars Water NM ~3 No [47] 
NPES/CNT/Cotton fabrics Alcohol NM 21 No [57] 
GOWR/Melamine sponge Water Yes ~2 No [48] 
In2O3/ZnO/SnO2 nanofibers DMF/water NM 3–5 No [59] 
GO/AgNW/FPVB Ethyl alcohol Yes 0.83 No [49] 
Ag/PANI/CF/Textile Water Yes ~3 No [50] 
MPMS/LAA/GO paper Water NM 1–2 No [37] 
APP/GO/Silane/PU foam Water Yes ~2 No [52] 
P-GO HAP paper Ethanol NM ~3 No [63] 
SPI/MSF-g-COOH/CA/GN film Water Yes 1–2 No [64] 
Clay/GONR/PEG coated PU foam Water No 2 No [54] 
GO/PDMAEMA/BN coated fabric Water Yes <3 No [56] 
MV (5:5) paper Water No 1.8/0.9 Yes This work 
ME (5:5) paper Water No 1.8/1.1 Yes 
F-MV or F-ME coating Water Yes ~2.0 Yes  

a Notes: PU: polyurethane; GO: graphene oxide; SiP: silicone polymer; HN: hydroxyapatite nanowire; GF: glass fiber; FGO: Phenoxycyclophosphazene functionalized 
GO; CNTs: carbon nanotubes; NW: nano-wires; FC: functional cellulose; NPES: nonylphenol polyoxyethylene ether sodium sulfate; GOWR: graphene oxide wide- 
ribbon; AgNW: silver nanowire; FPVB: fluoride polyvinyl butyral; PANI: polyaniline; CF: cellulose fabric; MPMS: 3-me-thacryloxypropyltrimethoxysilane; LAA: L- 
ascorbic acid; APP: ammonium polyphosphate; P-GO: polydopamine-modified graphene oxide; HAP: hydroxyapatite nanowires; SPI: soy protein isolate; MSF-g-COOH: 
sisal cellulose microcrystals; GN: graphene nanosheets; CA: citric acid; GONR: graphene oxide wide-ribbon; PDMAEMA: polydimethylaminoethyl methacrylate; BN: 
boron nitrid. 

b NM: Not mentioned. 

Fig. 4. Structural observation and flame-retardant mechanism analysis. Surface SEM images of (a) pure M paper, (b) ME (5:5) and (c) MV (5:5) papers at different 
burning time. (d) Cross-section SEM images of the MV (5:5) paper after burning, indicating the formation of a compact fish scale-like TiO2 network. (e) Proposed 
schematic illustration of the structure evolution of the polymer decorated MXene papers during burning. 
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cyclic time of 10 s, 30 s or 60 s, as indicated in Fig. 3g, further 
demonstrating the stable and reliable fire cyclic warning responses 
under various complex conditions. To further investigate the flame 
detecting reliability, the resistance change curves of the MV (5:5) and 
ME (5:5) based devices for the 100 cyclic flame attack (flame attacking 
time of 10 s in each cycle) were conducted and shown in Fig. 3h. Here, 
the flame detecting sensitivity (K) is defined as ROFF/RON, and ROFF and 
RON denote the resistance values before and after applying the flame 
attack. Clearly, the two devices not only show good cyclic stability of the 
fire alarm response even after 100 cycles, but also reveal extremely high 
sensitivity values of about 1.1 × 104 and 8.0 × 104 for the MV (5:5) and 
ME (5:5) samples, respectively. These above outstanding features indi-
cate that our newly-designed MXene-based fire cyclic warning devices 
can meet various kinds of fire safety and prevention applications where 
high fire risk monitoring is desired. 

3.3. Flame retardant and fire cyclic warning mechanism analysis 

The explanation for the outstanding flame resistance and fire cyclic 
warning of the MV or ME papers lies on their morphology and structure 
during burning, which resulted from the oxidation behavior of the 
MXene networks. For pure M paper, the smooth surface has little change 
at the initial burning of 10 s but gradually transfers into titania (TiO2) 
nanoparticles with increasing the burning time (100 s) due to the 
complete oxidation of MXene (Fig. 4a and Fig. S7a in SI). Comparatively, 

it is visible that the oxidation process can be accelerated after addition of 
PEG or PVP molecules since the compact nanoparticle network is formed 
after 10 s burning (Fig. 4b and c). More interestingly, the continuous 
combustion induces the increased size of the spherical titania nano-
particles (from tens of nanometers to one micrometer), and their shapes 
turn into fish scale-like irregular structure after 100 s burning, thus 
forming a stable and compact interconnected network (Fig. 4d), Similar 
structures are visible for the ME and MV nanopapers after 100 s burning 
(see Fig. S7b in SI). Notably, the unique fish scale-like TiO2 network was 
not observed in the pure M paper after the similar burning process, 
which also implies that addition of PEG and PVP molecules do alter the 
oxidized structure of MXene network. 

During the burning process, the pyrolysis of the PEG or PVP polymer 
chains can yield many gases (CO, CO2, etc.) and thus release many 
oxygen-containing compounds, which would react with the adjacent 
MXene sheets and thus accelerate their oxidation to form TiO2 nano-
particles (Fig. 4e). This is well supported by the obviously increased C/O 
ratio after burning (comparison of Fig. 2d and Fig. S8 in SI), e.g., ~3.1 
and to ~0.4 for the MV (5:5) paper before/after the burning test. This 
means that the thermal pyrolysis of PEG or PVP polymer chains and the 
promoted oxidation process of MXene feed the exothermic reaction, thus 
leading to the higher temperature observed in the modified MXene pa-
pers in comparison with the pure M paper during the burning test (see 
Fig. 3a and b and Fig. S6 in SI). Further, the microstructural results with 
the XPS analysis in Fig. S9 in SI revealed that some residual C–C chars 

Fig. 5. Fire cyclic warning mechanism analysis. XRD patterns of (a) pure M paper, (b) MV (5:5) and (c) ME (5:5) papers after different flame attack time of 0 s, 2 s, 
10 s, 30 s and 100 s, respectively. (d) Typical cross-section SEM images of (i) pure M paper, (ii) MV (5:5) and (iii) ME (5:5) papers after 2 s flame attack. (e) TGA 
curves of M paper, ME and MV papers in air atmosphere. (f) Schematic illustration for resistance transition mechanism of the C/N doped TiO2 network during the 
cyclic flame detecting process. 
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after the thermal pyrolysis of polymer chains would bond with the TiO2 
nanoparticles and form the C doped TiO2 network. Also, a low binding 
energy of N–TiO2 at 399.7 eV is visible for the MV paper and could 
result from the formation of the O–Ti–N and Ti–N bonding during the 
burning process [65]. Under a continuous flame attack, the high tem-
perature of 600–800 ◦C would facilitate these TiO2 nanoparticles to 
integrate and produce the compact fish scale-like C/N doped TiO2 
network (Fig. 4b–d). 

The fire warning response behaviors of various MXene papers are 
dependent on the oxidized state of the MXene network during the flame 
detection. XRD results in Fig. 5 reveal that the presence of MV or ME 
molecules does promote the oxidation of MXene at the initial process of 
flame attack. Compared with the control MXene sample, a new peak at 
~25.4◦ was observed for all the three ones after burning, which is 
assigned to the (101) crystal face of the rutile TiO2 (R-TiO2) phase (see 
Fig. 5a–c). From the Raman spectra in Fig. S8a in SI, all samples after 
burning exhibited three peaks at around 260, 450, and 600 cm− 1, and 
the treated samples exhibited a new emerging peak at ~260 cm− 1, 
indicating the formation of the anatase [66,67], which is well consistent 
with their C/O changes (Fig. S8b). Microstructural analysis of cross- 
section SEM images further confirmed that both the TiO2 nanoparticle 
and aligned MXene sheets were observed in the middle section of the 
pure M paper (see Fig. S10a in SI), indicating the incomplete oxidation 
of MXene (see i in Fig. 5d), which is consistent with the good electrical 
conductivity at the initial flame attack process in Fig. 3c. By contrast, 
complete oxidation states of the MXene sheets are visible in the modified 
papers (ii and iii in Fig. 5d) and these R-TiO2 nanoparticles can form 
robust and compact networks (Fig. S10b and 10c in SI). SEM images and 
EDS analysis in Figs. S11–S13 in SI indicate the effective oxidation of 
MXene sheets and the formation of C/N doped TiO2 network. Moreover, 
the promoted oxidation behaviors are further demonstrated by the TGA 
results (Fig. 5e and Fig. S14 in SI). Compared with the obvious mass 
increase at ~748 ◦C for the pure M paper due to the MXene oxidation, 
the ME and MV papers show much low temperature values, i.e., ~371 ◦C 
and ~542 ◦C for the MV (5:5) and (c) ME (5:5) papers. Similar phe-
nomena were also observed in the water since after 15 days the black 
color of the modified papers changed into white sheets in the water, as 
indicated in Fig. S15 in SI. 

Based on the above analysis, the working principles of the fire cyclic 
warning responses of the ME or MV papers are mainly through the 
resistance transition mechanisms of the TiO2 network, as illustrated in 
Fig. 5f. In the first flame attack, the polymer molecules facilitated the 
MXene oxidation to effectively form an intact and robust C/N doped R- 
TiO2 network, thus leading to the obvious decrease in the electrical 
resistance to obtain the rapid flame detection response (see Fig. 3d). 
Under the continuous flame attack, the themoexcited electrons and 
holes are generated in the C/N doped R-TiO2 network due to the oxygen 
vacancy-dependent band structure with a low band gap energy of about 
3.2 eV [68]; and this would trigger its electron excitation from the va-
lance band (VB) to the conduction band (CB) [69,70], thus generating 
the dramatic resistance transition from the insulating state to the 
conductive state. Meanwhile, the formation of N doped TiO2 network in 
the MV paper may further reduce the effective band gap energy [65], 
which would decrease the photoexcitation energy and thus facilitates 
the transport of photocarriers to the surface for photodecomposition 
[71]. Similar photoexcited electrons of TiO2 under light irradiation have 
been used for photocatalytic hydrogen production [72]. This is consis-
tent with the good cyclic resistance change of the burned ME (7:3) paper 
when exposing UV irradiation shown in Fig. S16 in SI. Clearly, the 
sensitive fire cyclic warning response of the modified MXene papers is 
strongly dependent on the composition and structure of the doped R- 
TiO2 network, and much work is undergoing to further clarify this. 

3.4. Silane functionalized MXene networks for multifunctional 
applications 

Owing to the excellent flame resistance and sensitive fire cyclic 
warning response, our ME or MV networks are suitable to fabricate 
multifunctional coatings for promising fire safety and prevention. Fig. 6 
shows the ME or MV coatings on the combustible filter papers followed 
by silane surface treatment, and the schematic fabrication is shown in 
Fig. S17a in SI. As expected, the presence of silane functionalized ME or 
MV (F-ME or F-MV) coating on the filter paper (F-ME@P or F-MV@P) 
endows it with excellent surface super-hydrophobicity [73]. Fig. S18 in 
SI and Fig. 6a reveal that although the pure filter paper has rapid water 
wetting phenomenon due to the intrinsic hydrophilic nature with a 
water contact angle (WCA) of 0◦, the WCA values of the F-ME@P or F- 
MV@P samples are ~151◦ and ~152◦, respectively. This is attributed to 
the uniform distribution of low surface-energy silane molecules com-
bined with rough surface induced by the MXene sheets (Fig. S19 in SI) 
[74]. Further, compared with the easy ignition and complete combus-
tion of the pure filter paper in only 6 s (Fig. 6b and Movie S5 in SI), the 
presence of the F-MV or F-ME coating in Fig. 6c and Fig. 21a in SI greatly 
improves the flame resistance the combustible paper and can keep the 
structural integrity even after 90 s combustion, indicating the effective 
fire protection of the modified MXene coatings for the combustible 
substrates. 

Notably, the silane modification in the F-ME@P or F-MV@P samples 
not only improves the surface super-hydrophobicity and structure sta-
bility, but also maintains the sensitive fire cyclic warning response even 
under complicated environments. As shown in Fig. S20 in SI, the ME/MV 
nanopapers and MV@P/ME@P samples after silane treatment show 
stable structure integrity without obvious color change in aqueous so-
lution for one month, which is quite different from obvious oxidation for 
the untreated papers (Fig. S15 in SI). Notably, such F-MV@P sample can 
still release a rapid flame warning signal of ~2 s and stable cyclic 
warning response, as indicated in Fig. 6d and Movie S6 in SI, confirming 
that silane modification has little influence on the fire cyclic warning 
behavior (Fig. S21 in SI). Furthermore, after being exposed outdoor in 
various complex weather situations (e.g., sunny, rainy, haze, see Fig. 6e) 
for about one year, these F-ME@P or F-MV@P samples also present 
unchanged ultrafast fire warning signal and reliable cyclic alarm 
response, as shown in Fig. 6f and Movie S7 in SI, which demonstrates the 
reusable and weather-resistant fire cyclic warning response for potential 
outdoor application. Clearly, the as-prepared multifunctional F-ME or F- 
MV networks show good environmental adaptability for potential 
reusable fire safety and prevention. 

4. Conclusions 

In summary, we report a facile and green approach to produce 
polymer decorated MXene networks with a nacre-like aligned structure, 
and the modified MXene papers show the flexibility to possess excep-
tional flame resistance and adjustable initial electrical resistance, most 
notably a reusable and sensitive fire warning response under outdoor 
complicated conditions. Multiple interactions (e.g., hydrogen and/or 
covalent bonds) between the PEG or PVP molecules and the MXene 
sheets were successfully constructed via a simple low-temperature as-
sembly strategy. The thermal pyrolysis of PEG or PVP molecules con-
taining considerable oxidation groups can accelerate the rapid 
resistance transition and effective thermal oxidation of the MXene sheets 
to form the fish scale-like C/N doped titania network. Under continuous 
flame attack, the electron excitation of the compact titania network can 
be activated to produce the dramatic resistance transition from the 
insulating state to the conductive state, thus achieving the ultrafast fire 
warning response and recovery time (~1.8 s and ~1.0 s), high resistance 
transition sensitivity, and reliable fire cyclic warning capability. 
Further, combining the modified MXene network with silane function-
alization produces multifunctional reusable and weather-resistant 
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coatings, which can be readily implemented on the combustible mate-
rials where high fire risk under complex environments is critically 
monitored. The water-soluble polymer decorated MXene networks with 
exceptional flame resistance and reusable fire warning response will 
provide a new concept and strategy for fire safety and prevention. 
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