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Abstract: Effective utilization of natural biomass-derivatives for developing sustainable, mechanically
robust, and fireproof materials remains a huge challenge in fire safety and prevention field. Herein, based
on bionic design, the hybrid interconnected networks composed of two-dimensional (2D) graphene
oxide (GO) nanosheets, renewable one-dimensional (1D) phosphorylated-cellulose nanofibrils (P-CNFs)
and tannic acid molecules (TA) were prepared via a green and facile evaporation-induced self-assembly
strategy. Through construction of the multiple synergistic interactions among the TA, P-CNFs and GO,
the optimized 1D/2D interconnected networks with hierarchical nacre-like structure were achieved and
exhibited improved mechanical properties ( tensile strength and Young’s modulus up to ~132 MPa and
~7 GPa, i.e. ~3.6 and ~14 times higher than that of the pure GO paper), good structural stability in
various environments (aqueous solutions with different pH values), excellent flame retardancy (keeping
structural integrity after flame attack), and ultrasensitive fire alarm functions (e.g., ultrafast flame alarm
time of <1 s and sensitive fire warning responses). Further, such 1D/2D interconnected networks can act
as effective flame-retardant nanocoatings to significantly improve the flame retardancy of combustible
PU foam materials (e.g., ~48% decrease in peak heat release rate at only 10 wt.% content). Based on the
structure observation and analysis, the related synergistic reinforcing and flame-retardant mechanisms
were proposed and clarified. Clearly, this work provides a new route for design and development of
environmentally friendly fireproof and fire alarm materials based on utilization of natural biomass-

derivatives.
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1. Introduction

The development of human history is accompanied by the acquaintance, control and utilization of
fire. Thus, it's probably fair to say that fire plays a crucial role in the progress of human civilization [1].
However, once fire is out of control, it may induce serious fire disasters and lead to a huge loss of life
and property. In fact, fire accident is one of the most frequent disasters around the world, which poses
significant threatens to the human life, society and environment [2]. For instance, London’s Grenfell
Tower fire occurred on June 14, 2017, leading to 79 people deaths. Besides, Brazil’s National Museum
and Notre Dame Cathedral fire accidents in 2018 and 2019 resulted in serious damages of countless item
collections and the ancient historical monument. Furthermore, massive forest wildfires that last for
months in South Australia had burned at least 17.6 million hectares of land and killed more than 3 billion
wildlife lives, which have greatly affected ecological balance [3, 4]. Thus, it is a great global challenge
for human to reduce or avoid the occurrence of fire accidents effectively.
To reduce the fire risks, two effective strategies including flame-retardant technologies and fire alarm
systems have been explored and developed. The widespread use of flammable materials e.g., natural
wood and synthetic polymer is one of main causes of frequent fire accidents. Based on this, a series of
flame-retardant technologies such as modification of polymer [5, 6], addition of flame -retardant fillers
[7-13] and surface coating [14-17] have been adopted for improving flame retardancy of various
combustible materials. The other key strategy is the application of fire alarm sensors or detectors systems
for early warning of potential fire hazards. The existing conventional fire alarm detectors mainly include
infrared and smoke detectors. Unsatisfyingly, due to the limitation of fire alarm mechanisms, they cannot
trigger alarm signals timely before the heat radiation and smoke concentration reached corresponding
critical value, thus lead to their long fire alarm responsive time (>100 s) [18, 19]. Besides, poor weather-

resistance performance further limits their practical outdoor application. Recently, a series of emerging



fire warning sensors were designed and developed based on various other fire alarm mechanisms. Tang
et al first reported a hierarchical graphene oxide (GO)/silicone coating on combustible substrates by dip-
coating process [20]. Once encountered flame attack, the silicone resin can provide excellent flame
retardancy, GO sheets can be transformed rapidly from insulating state to conductive one and alarm
signal can be triggered within 2-3 seconds. Following this work, other research works of GO-based fire
alarm sensors were widely investigated and reported recently [21-28]. Meanwhile, other fire alarm
sensor systems were also gradually explored based on various alarm mechanisms or sensor materials
(e.g., bioinspired color changing molecule, MWCNTs, metallic oxide and MXene, etc.) [29-35],
showing promising application in reducing or even avoiding high fire risks of different combustible
materials.

Among above fire alarm sensor systems, GO-based fire early detection and warning sensors have
been gained most concerns due to their rapid flame alarm response and good designability. However, to
obtain desirable fire alarm sensor materials, the introduction of flame-retardant fillers or molecules is
needed due to poor flame retardancy and thermal stability of GO sheets. This may involve the use of
organic solvents and hazardous chemicals, complicated processing, and high additive contents of fillers.
Moreover, considering the rapid flame spreading speed in real fire accidents [36, 37], it is essential to
achieve ultrasensitive and reliable fire alarm or abnormal high temperature warning responses in
practical application as it can provide people with enough time to handle the potential fires or evacuate.
Based on above issues, it is more meaningful to design and develop environmentally friendly flame
retardant early fire-warning sensor materials that can provide ultrasensitive and reliable fire alarm
responses.

Cellulose is one of the most abundant biopolymers in nature and is widely applied in many fields due

to its attractive merits e.g., being sustainable, biodegradable and low cost [38]. Among the many



different types of cellulose, the cellulose nanofibrils (CNFs) with exceptional aspect ratio, good
mechanical properties as well as favorable water dispersibility has drawn great attention [39]. However,
undesirable high flammability restricts their practical application. Recently, a series of research works
of phosphorylated cellulose nanofibrils (P-CNFs) were reported, and the resultant P-CNFs materials
prepared after a phosphorylation treatment process show exceptional mechanical and flame-retardant
performance [40, 41]. Further, inspired by the layered micro-nano scale structure and multiple
interactions of natural nacre, a mechanically robust and flame-retardant GO-based fire alarm sensor
material is expected to achieve by introducing P-CNFs into GO network. In addition, for promoting the
reduction of GO sheets and thus obtaining sensitive fire alarm response, tannic acid (TA), a typical bio-
based polyphenol extracted from plants e.g., oaks, nutgalls and grapes, can be employed as a green and
ideal alternative reducing agent [42] since it could be simultaneously used as a reducer and stabilizer for
GO sheets [43, 44]. Besides, TA also has the capabilities of radical scavenging effect as well as
promoting char-forming [45, 46]. Furthermore, considerable hydroxyl groups of TA structure would
provide sufficient possibility for regulating interfacial interactions in GO/TA/P-CNFs hybrid networks.
Thus, TA as a multifunctional molecule is expected to improve and balance the comprehensive
performance of GO/TA/P-CNFs nanocomposites.

Based on the above design concepts, herein we employ two functional biomass-derivatives i.e.,
phosphorylated-cellulose nanofibrils (P-CNFs) and tannic acid (TA) to optimize the GO network via
evaporation-induced self-assembly strategy (EISA). The presence of P-CNFs significantly improved the
flame resistance and mechanical strength of the GO-based hybrid network, and the TA molecules were
demonstrated to simultaneously adjust the cross-linking sites in GO/TA/P-CNFs hybrid networks and
promote the thermal reduction of GO sheets at high temperatures, thus achieving desirable ultrasensitive

fire early warning response. The optimized GO/TA/P-CNFs hybrid networks not only provided an



ultrafast fire alarm time and reliable fire early warning response in precombustion, but showed excellent
features e.g., low cost, facile processability, and sustainability. Moreover, the related mechanisms about
improved mechanical and flame-retardant performance and fire early warning response were discussed.
2. Experimental
2.1 Materials

Bamboo pulp sheets (bamboo with cellulose content of 96 wt.%) were provided by Hangzhou Bamfox
Bamboo Products Co., Ltd. China. Graphite powder was purchased by Shanghai Yifan graphite Co.,
Ltd. (China). Commercial polyurethane (PU) foam with a density of ~27 kg/m? was bought from
Zhejiang Hangzhou Guangsheng Foam Plastic Company, China. Tannic acid (TA) was supplied from
Beijing Bailingwei Technology Co., Ltd. China. Other chemicals and reagents including potassium
permanganate (KMnQO,), diammonium hydrogen phosphate ((NH4),HPO,), urea, concentrated sulfuric

acid (H,SO4, =98 wt%) and hydrogen peroxide (H,O,, 30 vol%), were supplied from Sinopharm

Chemical Reagent Co., Ltd., China.
2.2 Preparation of GO, P-CNFs and GTP nanocomposite papers

Graphene oxide (GO) sheets were synthesized by using a modified Hummers method via oxidation
of natural graphite platelets according to our previous works [47, 48]. Phosphorylated-cellulose
nanofibrils (P-CNFs) were synthesized after a phosphorylation treatment process of bamboo pulp sheets,
which was introduced in previously reported work [41]. The detailed EISA preparation procedure of
GTP (GO/TA/P-CNFs) nanocomposite papers is introduced as follows. Firstly, a certain amount of TA
powers was dispersed into the GO solution (4 mg mL'), and the uniform aqueous GO/TA solution was
obtained after a 120 min magnetic stirring process. Next, P-CNFs solution and GO/TA solution were
mixed with continuous stirring. Afterward, the resulting mixture suspension was transferred to the mold

container and placed in oven at 45 °C for about 16 h. After a slow evaporation process, the GTP



nanocomposite papers were fabricated. For convenience, the GO/TA/P-CNF paper was symbolized as
GTP(x/y/z) paper, where x/y/z represents the mass ratio of the various components. For example,
G,TysP, represents the nanocomposite paper containing 1 phr GO, 0.5 phr TA and 1 phr P-CNF,
respectively.
2.3 Preparation of PU materials coated with GTP nanocoating

PU materials coated with GTP nanocoating by a simple dip-coating procedure. Briefly, commercial
PU foams were washed with ethanol and dried at 80 °C for 2h. Then the PU foams were directly dipped
into the as-prepared GO/TA/P-CNFs (1/0.5/1) suspension for 10 min with the assistance of vacuum
pump. After that, the samples were placed in an oven and then dried at 80 °C for 6-8 h to obtain the
resulting PU foam materials coated with GTP nanocoating. The above procedure was repeated with dip
times until the desired content of GTP nanocoating was achieved.
2.4 Characterizations

Fourier transform infrared spectra (FTIR) of various materials and the GTP nanocomposites were
carried out on a FTIR spectroscopy (Antaris, Nicolet 7000) in the range of 600 to 4000 cm™!. X-ray
photoelectron spectroscopy (XPS) was used to identify the elemental compositions with a photoelectron
spectrometer (VG Scientific ESCALab 2201-XL). The morphologies of the samples were characterized
by scanning electron microscopy (SEM) (Sigma-500, ZEISS). Transmission electron microscopy (TEM)
images were recorded using a high-resolution transmission electron microscope (Tecnai G2 F20S-TWIN)
equipped with a field emission gun operating at 200 kV. The tensile properties of GTP paper samples
(size: 20 mm in length and 5 mm in width) and compressive characteristics of PU materials samples

(size: 20 mm X 20 mm X 10 mm) were tested by a DMA (TA-Q800) at strain rate of 100 (for paper

materials) and 2000 pm-min! (for foam materials), respectively. The thermal properties of the samples

were performed using thermogravimetric analysis (TGA) (TA Instruments Q500), and the paper samples



were scanned from 35 to 700 °C with a heating rate of 10 °C/min under N, atmosphere. The LOI values
of PU composites coated GTP coatings were measured using a JF-3 type oxygen index meter in

accordance with ASTM Standard D2863-2009 (size: 100 mm X 10 mm X 10 mm). The combustion
behaviors of the samples (100 mm X 100 mm X 10 mm) were carried out by a cone calorimeter device

(Fire Testing Technology, UK) according to ISO Method 5660 under a heat flux of 35 kW/m?. X-ray
diffraction (XRD) analysis was recorded on a D/Max 2550 V X-ray diffractor (Rigaku, Japan), and the
diffraction patterns were recorded in the 20 range from 5° to 60° with a scan rate of 5°/min. Electrical
resistance transition behaviors of the various paper samples were recorded via connecting a multimeter
(ESCORT 3146A) used typical two electrode method. Fire warning performance of paper samples (6
mm width and 20 mm length) was based on self-established alarm system via connecting with wires, an

alarm lamp, and a low voltage power supply (~24V).

3. Results and Discussion
3.1 Fabrication and structural characterizations of GTP nanocomposites

Fig. 1a illustrates the schematic fabrication of the GTP paper via a facile EISA strategy. Graphene
oxide sheets, tannic acid and phosphorylated-cellulose nanofibrils water solutions were simply mixed to
form a homogeneous hybrid solution under magnetic stirring. After low-temperature evaporation
process, the ternary nanocomposites of GO/TA/P-CNFs were obtained. Fig. 1d and 1e show the TEM
image of 1D phosphorylated-cellulose nanofibrils and the SEM image of 2D graphene oxide sheets,
respectively. As expected, P-CNFs exhibits fibrillar morphology with 5-10 nm in diameter and GO
shows large planar size with 10-15 um (Fig. S1), which is consistent with the previous results [49, 50].
As we all know, abundant oxygen-containing functional groups including hydroxyl, carboxyl and epoxy

groups are existed on the GO sheets surface [51], besides, P-CNFs and TA also have hydroxy or multi-



catechol groups in their molecular structure, thus leading to their good water dispersibility (see Fig. 1¢
and Fig. S2b). Consequently, the multiple interactions can be formed among GO nanosheets, P-CNFs
and TA molecules, as shown in Fig. 1b. On the other hand, the existence of n-n stacking interactions
between TA and GO, which is expected to lead to TA molecules further interact with adjacent GO sheets
and promote the stacking of GO sheets [52]. Considering the formation of multi-interfacial interaction
in GO/TA/P-CNFs hybrid network, Thus, it is reasonable to induce the improvement of resultant
nanocomposites in mechanical performance (discussed later).

XPS and FTIR analyses were used to confirm chemical composition and functional groups of three
various components. Fig. 1f shows XPS results of GO, TA and P-CNFs, two characteristic peaks at Cls
(~285.0 eV) and Ols (~533.0 eV) can be clearly observed, and the C/O ratios are quite different i.e.,
~2.5 for GO, ~2.1 for TA and ~2.0 for P-CNFs, respectively. It is worth noting that the characteristic
peak at P2p (~135.0 eV) can be also found, indicating the successful phosphorylation of bamboo
cellulose. The FTIR characteristic peak at 1050 cm™! for the vibration of the epoxy groups (C-O-C) and
a broad absorption peak at ~3320 cm™ for the hydroxyl groups (-OH) can be observed for GO sheets
[50] (Fig. 1g). In addition, it can be also found that the typical peaks at 1620 and 1720 cm™!, which are
assigned to the C=C aromatic ring and C=0 stretching vibration [53], respectively. The characteristic
peaks of TA e.g., 1700 cm™!' (C=0 stretching), ~1570 cm™! (aromatic ring C=C stretching) and ~1200
cm™! (phenolic C-O stretching) are shown in Fig. S2a. Moreover, compared to pristine bamboo bump
sheets, the appearance of new peaks at 832, 930 and 1230 cm™! that are responding for the P-O-C, P-OH
and P=0 (Fig. S3), respectively, further demonstrating the successful phosphorylation of cellulose [41].
Above characteristic peaks of P-CNFs and TA can be also found in FTIR spectra of binary GO/P-CNFs

and ternary GO/TA/P-CNFs nanocomposite papers, respectively (Fig. 1g).



The multiple interfacial interactions in GO/TA/P-CNFs hybrid network were confirmed by FTIR,
Raman spectroscopy, XPS, and XRD analyses. First, after the P-CNF and TA were added into GO, some
changes in the peaks of FTIR spectra took place in the composite papers. The peak at ~3320 cm™!
attributed to the hydroxyl group (-OH) of GO shifted to the higher wavenumbers (~3340 cm™') or even
weakened (Fig. 1g). Meanwhile, the peak of epoxy group (C-O-C, 1050 cm™!) of GO/TA/P-CNFs
showed the gradually decreased intensities with increasing TA content (Fig. S4). The red-shift of the
peaks of epoxy groups, as well as the decreased intensities of the peak of epoxy group, is usually
considered as the evidence of hydrogen bonding [54]. Besides, Raman spectra shows that the presence
of P-CNFs and TA makes D band (1346 cm™") for pure GO paper shift to higher wavenumbers (~1350
cm), as shown in Fig. S5, indicating the existence of H-bonding. Moreover, the Ip/Ig ratio value
decreases from 1.28 for GO to 1.16 for GO/TA/P-CNFs, mainly because of the strong m-m stacking
interactions between GO nanosheets and TA molecules [55]. In order to better understanding the
existence of multiple interactions, the change of GO/TA/P-CNFs solution after stranded for one week
was recorded and compared, as shown in Fig. 1h, compared to original GO/TA/P-CNFs hybrid solution
(~6 mg mL), the obvious increase of viscosity of hybrid solution further demonstrates the existence of
multiple interactions between GO, TA, and P-CNFs, in fact, similar phenomenon i.e., the change in
rheological behavior of hybrid solutions induced by multiple interactions , was also reported in other
previous reported work [54]. Apart from above analyses, XPS and XRD analysis can provide additional
evidences to confirm the multiple interactions. Compared to Cls spectrum of pure GO paper (Fig. S6),
a new peak at 286.1 eV belonging to the binding energy of C-O-P bonds appears in the Cls spectrum of
GTP paper, as shown in Fig. 2f, indicating that P-CNFs was introduced into the GO interlayer.
Furthermore, the peaks of C—O, C=0 and C(=0)-O groups in the GTP paper shift from 286.2, 286.9 and

288.5 eV to 286.5, 287.1 and 287.7 eV, respectively, further demonstrating the existence of multiple



interactions i.e., H-bonding and n-w stacking between GO sheets, TA and P-CNFs. XRD results of pure
GO paper and GTP nanocomposite papers are shown in Fig. 2g. Compared with the sharp diffraction
peak of pure GO paper at ~10.94° (interlayer spacing of ~0.87 nm), the G,P; paper shows a large
interlayer spacing of ~0.92 nm at ~9.64° with the presence of P-CNFs, indicating the P-CNFs among to
the GO sheets [56]. In addition, it is worth noting that TA molecules can further increase the interlayer
spacing of GO sheets, more specifically, ~9.30° (~0.95 nm) for G, T ,P;, ~8.78° (~1.01 nm) for G, T 5P;,
respectively. The interlayer spacing increases of GTP nanocomposite papers with increasing the TA
contents are attributed to the effective TA intercalation and the formation of multi-interfacial interactions
including hydrogen bonding and n-7 stacking interactions between GO sheets and TA molecules [43].
As shown in Fig. 2a, the as-prepared GTP nanocomposite paper can be bent about 180° without
structural fracture, showing good mechanical flexibility. More importantly, due to information of
multiple interactions between GO, TA and P-CNFs, the GTP nanocomposite paper exhibits improved
strength when compared with pure GO paper (see Movie S1-S2). Surface and cross-sectional SEM
images of GTP paper present smooth surface and compact microstructure shown in Fig. 2b and 2c,
respectively. Besides, after further careful observation, the GTP paper with typical highly aligned
structure can be clearly observed in Fig. 2d. As mentioned above, the uniform hybrid network of
GO/TA/P-CNFs can be formed based on homogenous GO/TA/P-CNFs aqueous solution due to their
good water dispersion and multi-interfacial interactions. Cross sectional EDS-mapping images of GTP
paper were well confirmed this (see Fig. 2e), the appearance and distribution of P element demonstrate
the formation of uniform GTP hybrid network. As a result, the GTP nanocomposite paper displays
excellent structural stability in harsh conditions even after immersing into strong acid, DI water and
alkaline solution as well as organic solvents as shown in Fig. 2h, further demonstrating the formation of

well cross-linked GO/TA/P-CNFs network structure based on multiple interfacial interactions.



3.2 Mechanical properties and mechanism analysis

The mechanical properties of various nanocomposite papers were investigated and the related results
are shown in Fig. 3a-3c and Table S1. For the binary G,P; paper, it can be clearly seen from the stress-
train curves (Fig 3a) that the incorporation of P-CNFs increases the elongation at break as compared to
pure GO paper, while this value is lower than P-CNFs paper (Fig. S7). The P-CNFs, which is in
nanoscale and with high aspect ratio, can form compact interconnected network (Fig. S8), and the
flexible P-CNFs polymer chain can provide stretchability, thus resulting in its desirable elongation at
break. Thus, the elongation at break of G;P; paper can be effectively increased by introducing the P-
CNFs. Besides, both of tensile strength and Young’s modulus were significantly improved e.g., ~108%
and ~180% increase, respectively (Fig 3b and 3c). The above improvements indicate that the effective
interface interactions between GO sheets and P-CNFs. For ternary GTP papers, the presence of TA
molecules produces further improvement in the tensile strength and the values are strongly dependent
on the TA content. More specifically, ~87 MPa for G, T, P, paper, ~102 MPa for G,T3P; paper and
~132 MPa for G, T, 5P, paper, respectively, compared to pure GO paper of ~36.7 MPa. Moreover, similar
obvious improvement in Young’s modulus can be also found in Fig 3¢ and Table S1. Interestingly, along
with the increases in tensile strength, the elongation at break of GTP papers was gradually decreased
with increasing TA content. It is worth noting that with a higher content of TA, the GTP paper shows
obvious brittleness, and crack is observed in resultant G,T,;P; paper sample (Fig. S9). Summarizing
and analyzing above results, it is clear that the synergistic reinforcing effect based on multiple interfacial
interactions was formed in GO/TA/P-CNFs hybrid network.

In order to unveil the reinforcing mechanism of TA-P-CNFs in GO network, the cross-sectional
morphology of various paper nanocomposites after tests were characterized by SEM and shown in Fig.

4a-4c. Pristine GO paper presented a smooth fracture edge (see Fig. 4a), which is consistent with



previously reported results [57-59]. In comparison, the presence of P-CNFs leads to rough fracture edge
and slightly loose hierarchical structure (Fig. 4b). With further observation, many fibrils can be easily
found on the edge of broken GO sheets, in fact, such fibril-like structure is P-CNFs that intercalated to
GO network. Interestingly, GT,sP; paper sample displays a relatively compact and aligned structure
when compared with G, P, paper (see Fig. 4c). Notably, a visible saw-like structure appeared on the edge
of integrated GO/TA/P-CNFs network, which was induced by the presence of TA molecules. Based on
the analysis of fracture morphologies of various samples, the crack extension model is proposed, as
shown in Fig. 4d. For pure GO paper, due to weak bonding between the GO sheets, immediate fracture
will occur after being stretching, thus produce smooth fracture edge. Comparatively, for GO/TA/P-CNFs
hybrid network, due to the existence of abundant hydroxyl groups in TA and P-CNFs structure, multiple
interactions e.g., hydrogen bonds and =n-m stacking can further strengthen cross-linking network of
GO/TA/P-CNFs nanocomposites. When the GO/TA/P-CNFs ternary nanocomposites are subjected to
stretch, the hydrogen bond interactions in GO/TA/P-CNFs network are first destroyed, and the GO sheets
begin to slide over each other and the crack appears [60]. However, the flexible P-CNFs polymer chains
can bridge the crack and restrict the further crack growth of GO sheets. With continuous stretching, the
P-CNFs that attached to GO sheets start to slide and move. Subsequently, partial P-CNFs chain are
damaged and pulled out and remaining unbroken chains still bridge GO sheets. This process would

continue before the GO/TA/P-CNFs ternary nanocomposites complete fracture, which resulting the

saw-like edge shown in Fig. 4c. Therefore, much more energy is absorbed during whole process, thus
induce higher strength. Additionally, the introduction of the TA is responsible for the increase in tensile
strength and Young’s modulus and the decrease in tensile strain (Fig. 3). Due to the presence of TA
molecules, cross-linking sites of GO/TA/P-CNFs hybrid network have increased via multiple hydrogen

bonding interactions, which likely induces the confinement in movement of the polymer chain, thus



leading to the increase in stiffness values and the decrease in breaking extension of the nanocomposites.
This can explain the discrepancy of fracture morphology and mechanical properties of binary G;P; and
ternary G,T, sP; samples.
3.3 Flame-retardant performance and thermal stability

To evaluate the effect of introduction of TA and P-CNFs on the flame retardancy of GO paper, the
flame burning tests were conducted and the related whole combustion process of pure GO and GO
nanocomposite papers can be obtained from Movie S3. As shown in Fig. 5a-5¢, paper samples were
directly exposed to ethanol flame with a temperature of 500-600 °C. As expected, due to abundant of
unstable oxygen groups e.g., hydroxyl, epoxy and carboxyl groups on GO sheets surface, the pure GO
paper displays drastic combustion and rapid decomposition behavior once being ignited and can be
completely burned off within only ~ 90 s, which is well consistent with previous reports [50, 57].
Comparatively, G, T, s paper shows improved flame resistance, which was due to charring and radical
quenching effects of TA with phenolic structure [45, 46, 61]. However, it still can be gradually
decomposed under continuous flame attack condition. Satistyingly, the G, T sP, paper exhibits excellent
flame retardancy, only a little shrinkage can be observed after being burned, which was quite different
compared with the pure P-CNFs paper (see Fig. S10). Besides, its structural integrity still be maintained
and shape and size are almost unchanged during whole combustion process, demonstrating the presence
of P-CNFs was greatly enhanced the flame resistance of GO paper. Fig. Sd shows the FTIR results of
the GTP paper before and after burning test. The disappearance of characteristic peaks of oxygen-
containing groups indicates thermal degradation of GTP network.

TGA measurements were also conducted and corresponding TGA curves of pure GO, G,P; and
G, Ty 5P, papers are shown in Fig. Se. It is clear that all paper samples started to lose weight below 100 °C,

this is due to the volatilization of water molecules stored in their network structure [50]. Besides, the



second obvious weight loss in these composite papers occurred at the stage of 180—220 °C, due to the
thermal pyrolysis/decomposition of oxygen-containing groups of their structure and the release of CO,,
CO, and gas. After that, with increasing temperature, the thermal degradation of above nanocomposite
papers was processing slowly and smoothly. Comparatively, the G,T( s paper exhibited better thermal
stability than that of pure GO paper, due to the radical scavenging effect and char-forming capabilities
of TA molecule. Moreover, with the presence of P-CNFs, the thermal stability of nanocomposite paper
was further improved, which may due to the compact P-CNFs can provide more effective physical
barrier effect and stabilized the RGO/TA network. As a result, the final weight of G,T, sP; paper at 750
°C is more than that of pure GO paper and G T 5 paper e.g., 50.8% for G, T, sP; paper, 47.7% for G, T s
paper and 38.7% for GO paper, respectively. TGA results of various nanocomposite papers are
consistent with their burning behaviors. In order to visually exhibit the difference of paper materials in
thermal stability, the pure GO paper and GTP nanocomposite paper were treated under high temperature
environmental condition (300 °C) for 30 min. As shown in Fig. 5f, pure GO paper presents obvious
structural damage and the decomposition products, in the form of black ash, were clearly visible on the
edge of rGO paper. By comparison, the GT,sP; paper shows good structural integrity, after high
temperature treatment, the G, T sP; paper still maintained its initial shape and irregular edge can be also
observed, except for a bit of shrinkage, further demonstrating the excellent thermal stability of GO/TA/P-
CNFs network.
3.4 Analysis of flame-retardant mechanism

To ascertain the flame-retardant mechanisms, the surface and cross-sectional morphology of GO and
G, Ty 5P, paper after the burning test was imaged and compared as shown in Fig. 6a and 6b. For burned
pure GO paper, loose structure can be easily observed (Fig. 6a-i) and many obvious microcracks

appeared on its surface zone (Fig. 6a-ii), which were due to the breakage of surface char protective layer



[58]. The existence of many microcracks has obvious effect on the flame retardancy and thermal stability
of GO network, as these microcracks hardly restrict the heat and oxygen to attack the inside GO network,
thus inducing the structural damage of GO paper. In comparison, smooth and compact protective char
layer is clearly observed on the surface of G;TysP, paper after burned (Fig. 6b-1), with further
observation, some nanoparticles appeared on its surface protective layer (Fig. 6b-ii). The SEM images
of cross-section morphology can be offered more evidences. Compared to highly aligned and dense
structure of pristine G, T sP; paper before burned (Fig. 2d), the loose layered microstructure after burned
can clearly observe, and the rGO sheets are stacked together (Fig. 6b-iii). In addition, the spacing
between rGO sheets has increased greatly, which was due to the release of decomposition products e.g.,
H,0, CO, and other gas from three various components during combustion process [62]. Interestingly,
similar phenomenon was observed in rGO sheets surface. The high-magnification SEM image in Fig.
6b-iv discloses that many nanoparticles with the size of 50-200 nm were also attached on rGO sheets,
which may be phosphorus-oxygen compounds generated by P-CNFs after burning test [41]. The XPS
survey results can well demonstrate above interpretation (Fig. 6¢-6e). Firstly, there is an obvious change
of C/O ratio from 2.2 to 6.3 after burned (see Fig. 6¢), besides, the percentage of the binding energy of
oxygen-containing groups i.e., C—O, C=0 and C (=0) O also has decreased shown in Cls core level
spectra (Fig. 6d), indicating the thermal decomposition process of G;TysP; paper. Moreover, the
characteristic peaks of phosphorus-containing structure (Fig. 6e) and SEM-EDS mapping (Fig. S11)
further implied the formation of PxOy compound due to thermal transformation of phosphorus-
containing group of P-CNFs during burning process [41].

Based on the structural analysis and related XPS results, the proposed flame-retardant mechanism is
illustrated in Fig. 6f. Normally, the loose and porous architecture was formed from ordered and dense

one due to the gases release from thermal degradation of abundant oxygen-containing groups. On the



one hand, the TA molecule with multi-catechol groups can act as a radical scavenger, along with its
charring capacity [45, 61], thus lead to the enhanced flame retardancy of GO paper (see Fig. 6b). On the
other hand, nano-size fibrillar P-CNFs can further stabilize the hybrid char layer effectively during the
combustion process, which is the main factor of the formation of compact protective layer. As a result,
the external oxygen attack and thermal degradation of internal GO/TA/P-CNFs hybrid network were
restricted efficiently due to the compact physical barrier effect. For P-CNFs, the thermal decomposition
and dehydration processes of its phosphorus-containing groups induced the gases release e.g., H,O and
CO/CO,, which can dilute the concentration of oxygen. Besides, the decomposition product P,Oy
compound, in the form of nano-particles, was well re-deposited on rGO sheets and further inhibit the
thermal decomposition of rGO sheets due to its free radical catching effect, resulting in the improved
flame retardancy of GTP nanocomposites.
3.5 Response performance of fire early warning

Owing to its excellent mechanical properties and ideal flame retardancy, such GTP hybrid network
can be used as ideal fire alarm sensor material. Fig. 7¢ presents the schematic illustration of construction
and working mechanism of fire warning system based on the thermal-induced resistance transition of
GO (Fig. 7d). The paper sample (20 mm length and 6 mm width) was connected with an alarm lamp
and a low-voltage electric source (~24V) through wires, and the fire alarm system was established. Upon
encounter the flame or high temperature environments, the GO sheets will be thermally reduced and an
electrically conductive path can be formed [20], thus lead to trigger the alarm lamp. To evaluate the
practical fire alarm response behaviors, the different paper samples were selected and corresponding
comparative studies were conducted. The flame detection and warning process of various paper samples
are shown in Fig. 7a and 7b, Fig. S12 and Movie S4. When placed in the ethanol flame, the GO paper

was quickly burned out within 10 s due to its poor flame retardancy and structural stability and the alarm



lamp was not triggered (Fig. S12). On the contrary, for the G;T( s paper, rapid danger alarm can be
released within ~1 s after encountered flame attack, however, the sample was burned out and alarm
signal disappeared after 10 s combustion (see Fig. 7a), which means G;T(s paper cannot provide
continuous alarm signal. Comparatively, when GT,sP; paper is attacked by the alcohol lamp flame,
danger alarm signal can also be sent within 1 s. Meanwhile, the signal can be well maintained after 120
s flame combustion, and continuous alarm was kept even after removing the flame resource. Besides, in
order to measure fire alarm response time of samples, the electrical transition behaviors were monitored
and alarm line was defined based on electrical decrease (the danger alarm can release after ~four orders
of magnitude decrease in electrical resistance). The electrical resistance transition of G, T sP; paper after
encountered flame attack is shown in Fig. 7e. It can be clearly seen that rapid electrical transition was
triggered and corresponding electrical resistance change of over four orders of magnitude can be
completed within 1 s, which is consistent with the fire warning behavior of G;T(sP; paper in practical
test. (Fig. 7b).

Considering the quick flame spreading speed in fire accidents [36, 63], the fire warning response
before combustible materials ignited is particularly important for reducing or avoiding possible life and
property loss. Thus, the high temperature warning response behaviors and corresponding electrical
resistance changes of GO and GTP papers under different high temperature conditions were also
monitored and compared. The test method and the related high temperature warning processes are shown
in Fig. S13a and Movie S5-S6. In the case of 150 °C, clearly, the electrical resistance of GO paper was
almost unchanged during the 300 s treatment process, accordingly, the danger alarm was not triggered
(Fig. S12). This is due to the thermal reduction of GO sheets cannot be completed within 300 s [62].
Comparatively, the GTP paper can trigger danger alarm within ~180 s for 150 °C and a faster response

of ~45 s can achieve under temperature of 200 °C shown in see Fig. S10b, indicating an effective fire



early response performance. In addition, as expected, the GTP paper shows more rapidly electrical
resistance transition behaviors with increasing the hot surface temperature (Fig. 7f). The detailed high
temperature warning response time for GO paper and GTP paper are shown in Fig. 7g, it is obvious that,
for a fixed temperature, GTP paper exhibits quicker electrical resistance transition and less alarm
response time than GO paper e.g., 27 s for 250 °C, 10 s for 300 °C and 3 s for 350 °C, respectively.
Besides, it is worth noting that GO paper cannot trigger the alarm lamp and normal resistance change
was also unavailable when it was placed in conditions of over 300 °C. GO network would decompose
with seconds and further leading to the broken structure under such high temperature environments, thus
leading to above results. Previously reported works showed that the temperature-responsive behaviors
of GO-based fire alarm sensors are mainly dependent on the thermal reduction process of GO network
[26, 64, 65]. The different electrical resistance changing behaviors of GO and GTP papers suggest that
the presence of TA molecules can accelerate thermal reduction process of GO sheets at high temperature
of 150-350 °C, thus leading to the sensitive electrical resistance transition and efficient abnormal high
temperature warning response during the precombustion stage of combustible materials. In fact, the
reduction mechanism of GO by TA molecules was first proposed by Guo et al [44]. Following this work,
a series of works related to the reduction of GO by TA were demonstrated and reported [42, 66, 67].
Specifically, the mechanism involving the removal of epoxy and hydroxyl based on a two-step Sy 2
nucleophilic reactions and an elimination reaction, the relevant detailed reaction processes as shown in
Fig. S15. Based on above analysis and discussion, it is reasonable to understand the ideal fire alarm
response performance of GTP network.

Such fire early warning sensor based on GTP hybrid network is compared to previously reported
other different types of fire alarm sensor systems, in terms of fabrication method, sustainability and

flame/high temperature alarm response time, and the comparative items and results are shown in Table



1. After a comprehensive comparison, it is clear that the as-designed fire-warning sensor is superior to
other counterparts. Firstly, compared to other works which involved the use of organic solvents or
complicated fabrication process [20, 68-70], the fabrication method of as-designed sensor material is
simple and environmentally friendly. Besides, like precious works e.g., SPI/MSF-g-COOH/CA/GN film
[71] and SF/Ca?" i-skin [72], the use of biomass materials in this work also shows the sustainability of
as-prepared fire alarm sensor material. More importantly, the fire early warning sensor based on GTP
network possesses ultrasensitive temperature-responsive function compared to other previous sensor
systems with high temperature warning functions [20, 25, 26, 62, 64, 68-70, 73]. Based on above
comparison and analysis, as-designed fire alarm sensor shows promising fire warning application.
3.6 Fire safety application of GTP hybrid nanocoating

Polymer foams, represented by polyurethane foam (PUF), have been widely applied in a wide range
of fields due to their excellent properties, including inexpensiveness, lightweight, thermal insulation as
well as mechanical flexibility [74]. Unfortunately, owing to its intrinsic highly flammability, there are
numerous fire accidents occurred caused by PUF around the world each year, and resulting disasters
lead to huge life and property losses [75]. Thus, it is urgent to effectively improve fire retardancy of
combustible PUF. The abovementioned results and discussions indicate that the GTP networks can be
used as a green flame retardant nanocoating apply in PU foam due to its high performance e.g., good
mechanical properties, structural stability and excellent flame retardancy. Herein, the surface coating
technique was adopted and PU foam materials coated with the hybrid GTP nanocoating were prepared
by a simple dip-coating process, and their structure and morphology, mechanical and flame retardancy
performance were investigated systematically. Fig. 8a-8¢ show the SEM images of the PU foam coated
GTP nanocoating (totaling 30 wt.% coating mass). As presented in Fig. 8a, the GTP coated foam shows

a macroscopic porous structure similar to original PU foam and the blocking pore phenomena did not



appear in the PU foam pores. Besides, good adhesion can be formed between the nanocoating and PU
matrix as N-H groups of skeleton surfaces can interact with hydroxyl groups of the hybrid GTP network,
thus the GTP nanocoating was well wrapped on PU skeleton as shown in Fig. 8b. With higher
magnification suggests that the thickness of GTP coating was only about ~300 nm (Fig. 8c). Furthermore,
such nanocoating also shows ideal stability in aqueous environments with 30 min bath sonication
treatment (Fig. S16), which further demonstrates highly compact and interconnected networks of GTP
nanocoating. Fig. 8e shows the processes of cyclic compression tests of the foam samples. The results
show that both PU foam composites display good compressibility and structural stability as their
compressive stress values at 60 % strain are almost unchanged even after the ~100 times cyclic
compression. Besides, the compressive strength of the PU foam shows obvious improvements after
coated GTP nanocoating, normally, the higher content of GTP nanocoating induce much higher value
in the maximum compressive stress e.g., ~16.8 kPa for the PU-GTP30% and ~10.0 kPa for the PU-
GTP10%, which is superior to that of pure PU foam with ~4.0 kPa. To evaluate the flame-retardant
performance of PU foam materials coated GTP nanocoating, flame combustion tests were conducted
(see Fig. 8d). It shows that the pure PU foam sample was easily ignited followed by fiercely burning
with extensive melt drippings, and whole sample was complete combustion within 10 s (see Fig. 8d-i)
[14]. For PU-GTP10% sample, although the flame was quickly spread to the entire foam sample, no
melt drippings were observed and the original size and structural integrity of foam sample were well
maintained even after combustion (Fig. 8d-i1). With a high content of 30 wt.% GTP coatings, there was
no flame spreading and the foam sample can be self-extinguishing within 2 s after removing flame
resource (Fig. 8d-iv). To demonstrate the above improved flame retardancy, the limiting oxygen index
(LOI) values of various samples were measured and shown in Fig. 8f. As expected, compared with the

low LOI value of ~17.5 for pure PU foam, the PU-GTP10%, PU-GTP20% and PU-GTP30% foam



materials have ~20.0%, ~22.8% and ~24.6%, respectively, which was consistent with above combustion
behaviors of various foam samples. Cone calorimetry tests of various foam samples were further
conducted and detailed data are shown in Table. S2. As expected, the peak heat release rate (pHRR) of
pure PU foam is high up to ~318 kW/m?, with only 10 wt.% GTP nanocoating, it can achieve a 48%
decrease in pHRR. Additionally, the nanocoating also produces increased char residual weight, e.g., 25%
for PU-GTP10% and 30% for PU-GTP30%, compared with 5% for pure PU foam. Moreover, compared
with the complete combustion of the pure PU foam with a little char residue, the char of the PU sample
coated GTP nanocoating shows structure integrity and almost unchanged size (Fig. S17.). Above results
further demonstrate that such hybrid GTP hybrid network can be also used as effective green flame-

retardant coating for improving the flame resistance of flammable PU foam materials.

4. Conclusion

In summary, based on bionic design, by well exploring and utilizing the characteristics and functions
of two natural biomass-derivatives (i.e., TA and P-CNFs), a sustainable, mechanically robust and flame-
retardant GO/TA/P-CNFs hybrid network was designed and prepared via a facile EISA approach. The
mechanical properties of the paper nanocomposites were greatly improved due to the successful
formation of multi-interactions i.e., H-bonding and nt-rt stacking in hybrid networks (tensile strength and
Young’s modulus reach ~132 MPa and ~7 GPa, i.e. ~3.6 and ~14 times higher than that of the pure GO
paper, respectively). Besides, GO/TA/P-CNFs hybrid networks exhibited good structural stability in
harsh conditions resulting from multiple interactions among the hybrid network and exceptional flame
retardancy due to the introduction of TA and P-CNFs. Notably, with the presence of TA, thermal
reduction of GO sheets was further promoted in high temperatures, thus the optimized GO/TA/P-CNFs
hybrid networks showed ultrafast fire alarm time of <lIs and sensitive high temperature warning

responses (e.g., 3 s at 350 °C, 27 s at 250 °C and 45 s at 200 °C), which is much more remarkable and



sensitive than previous reported works. Moreover, such hybrid networks can act as flame retardant
nanocoatings for improving the flame retardancy of combustible PU foam materials (~48% reduction in
the peak heat release rate with only 10 wt.% content). With numerous features e.g., low cost, facile
processability, and sustainability, such GO/TA/P-CNFs hybrid networks can be applied as desirable
fireproof and fire alarm sensor materials in fire safety and prevention field. Hence, this work not only
extends the development of green bio-based fire alarm sensor materials but also provides a new path for

exploring the application of bio-mass materials.
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1. Fabricating process and characterizations. (a) Scheme for preparing the GTP paper

nanocomposites via evaporation-induced self-assembly strategy, and (b) schematic of multiple interactions

between GO, TA, and P-CNFs; (c) Digital photographs of P-CNFs (left) and GO (right) water solution; (d)

TEM image of P-CNFs and (e) SEM image of GO sheets; (f) XPS survey of GO, TA, and P-CNFs; (g) FTIR

spectra of GO, GO/P-CNFs and GO/TA/P-CNFs nanocomposites papers; (h) Images of GO/TA/P-CNFs

solution: original (left) and (right) stand for one week. The increase of viscosity of hybrid solution further



indicates multiple interactions between GO, TA, and P-CNFs.
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Figure 2. Structural characterization and analysis of GTP paper. (a) Digital photograph of G4T,sP4 paper,

showing good mechanical flexibility. (b) Typical surface and (c,d) cross-sectional SEM images of G1T¢ 5P+

paper and its (e) EDS mapping images for C, O and P, respectively. (f) C1s XPS spectra of G1T 5P+ paper

and (g) XRD patterns of GTP paper samples. (h) Structure stability of G4To 5P, paper before and after being
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immersed in various solutions for one month, including HCI, H,O, NaOH, EtOH and THF.
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Figure 3. (a) Tensile stress-strain curves, (b) tensile strength and (c) Young’s modulus of various composite

papers, confirming the synergistic reinforcing effect between the GO, TA, and P-CNFs.
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Figure 4. The SEM images of cross-section morphology: (a) GO paper, (b) G1P, paper, (c) G1TosP1 paper,

respectively. (d) Proposed synergistic reinforcing mechanism of GO/TA/P-CNFs ternary paper

nanocomposites. When stretching starts, the GO nanosheets begin to slide and initiate the crack. With

continuous stretching, the P-CNFs bridge the crack and restrict GO nanosheet further continuous sliding.

Besides, due to the presence of TA molecules, the crosslinked sites in GO/TA/P-CNFs hybrid network via
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multiple interfacial interactions i.e., hydrogen bonding and -1 stacking. Finally, the ternary GTP paper

nanocomposites fracture in the mode of P-CNFs pullout.
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Figure 5. Flame-retardant performance and thermal stability of various paper nanocomposites. The

combustion process of (a) GO, (b) G1Tgs and (c) G1TosP1 papers, respectively, showing improved flame

resistance with the presence of TA and P-CNFs. (d) FTIR spectra of GTP paper before /after burned. (e)

TGA results of various paper samples. (f) Digital photographs of GO paper and GTP paper before and after

300 °C for 10 min, indicating that the introduction of TA and P-CNFs can improve structural integrity of paper



nanocomposites effectively under high-temperature condition.
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Figure 6. Flame-retardant mechanism analysis. Surface and cross-section SEM images of (a) GO paper and
(b) G4To5P+ paper after burned. (c) XPS spectra of G1T, 5P, paper before and after burned; (d) C1s and (e)

P2p XPS spectrum of G1To 5P paper after burned. (f) Schematic illustration of the proposed flame-retardant



mechanism of GTP paper under flame attack.
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Figure 7. Flame rapid detection and early warning behaviors. Photographs of flame detection processes of

(a) G1To5 and (b) G1To5P papers; (c) schematic illustration of fire alarm sensor based on GTP paper under

flame attack and (d) its corresponding resistance transition (from insulating to conductive state) due to

thermal-induced reduction of GO. Electrical resistance changes of the GTP network under (e) flame attack



and (f) different environmental temperatures, showing rapid fire early warning alarm response below the

ignition temperature of most combustible materials. (g) Alarm responsive time of GO and G1T,5P1 papers

under different high-temperature conditions from 150 to 350 °C.
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Figure 8. (a-c) SEM images of PU coated with GTP nanocoating; (d) Fire ignition behavior for various PU



composites: (i) pure PU foam, (ii)) PU-GTP10%, (iii) PU-GTP20% and (iv) PU-GTP30%. (e) Typical cyclic

compressive tests of samples, showing excellent mechanical flexibility and structural reliability. (f) Limited

oxygen index (LOI) values and (g) Heat release rate curves of various PU foam materials.



Table 1. Comparison of the early fire warning sensor based on GO/TA/P-CNFs with other previously reported

fire alarm systems.

“omposition and type of

Flame alarm

) ) Fabrication method Sustainability . High temperature warning time (s) I
composite materials time ()
Dip coating in alcohol and 13 s at 350 °C; 38 s at 300 °C
GO/silicone coating No <3 [
water solution 87 s at 250 °C; 415 s at 200 °C
'GO/CNTs coated WPP LbL in ethanol and acetic acid No ~5 18 s at 400 °C [
Silane-GO paper Gel assembly in water solution No ~1.6 NM [
) o ) 2.9 s at 450 °C; 5.7 s at 400 °C
MF@GOWR sponge Dip coating in water solution No 2.1 [
33.5 s at 300 °C; 334.2 s at 200 °C
MWCNT nanofluid
Spray-coating with ethanol No 21 NM [
coated CF
RGOP-NaCl strip EISA in water solution No ~5.3 NM [
8 s at 400 °C; 35 s at 300 °C
MPTS-GO paper EISA in water solution No ~1 [
86 s at 250 °C; 232 s at 200 °C
I/MSF-g-COOH/CA/GN
EISA in water solution Yes ~1 NM [
film
GO/PDMAEMA/BN Dip coating in water and
No <3 15sat219°C [
coated CF UV irradiation
) o ) 11 s at 400 °C; 79 s at 300 °C
'ONR/MMT/PEG paper Dip coating in water solution No ~2 [
160 s at 250 °C; 450 s at 200 °C
Dip coating in ethanol and
Ag/PANI coated CF ) No <3 >40 s at <300 °C; <3 s at >400 °C [
water solution
Dialysis and film casting with
SF/Ca?" i-skin Yes <50 NM [
formic acid solution
Vacuum filtration in water
GO/BP-MoS, film No ~1 44 s at 300 °C; 130 s at 150 °C [
solution
GOWR/silane hybrid Dip coating in water solution N ; 12 s at 350 °C; 39 s at 300 °C [
0 ~
coated MF sponge and THF 158 s at 250 °C; 658 s at 200 °C
3sat350°C; 10s at 300 °C
GO/TA/P-CNF’s paper EISA in water solution Yes <l 27 s at 250°C; 45 s at 200 °C
w

180 s at 150 °C

a Notes: GO: graphene oxide; F-GO: functionalized GO; CNTs: carbon nanotubes; WPP: wood pulp paper;



MF: melamine foam; GOWR : graphene oxide wide ribbon; MWCNT: multi-wall carbon nanotube; CF:
cotton fabric; RGOP: reduced graphene oxide paper; MPTS: 3-mercaptopropyltrimethoxysilane; SPI: soy
protein isolate; MSF-g-COOH: sisal cellulose microcrystals; CA: citric acid; GN: graphene nanosheets;
PDMAEMA: polydimethylaminoethylmethacrylate; BN: boron nitrid; GONR: graphene oxide narrow ribbon;
MMT: montmorillonite; PEG: polyethylene glycol; PANI: polyaniline; SF: silk fibroin; BP: black phosphorus;
MoS,: molybdenum disulfide; TA: tannic acid; P-CNFs: phosphorylated cellulose nanofibrils; LbL: Layer by

Layer; EISA: evaporation-induced self-assembly.
® NM: not mentioned.
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Two natural biomass derivatives i.e., tannic acid (TA) and phosphorylated-cellulose nanofibrils (P-CNFs)

were employed to decorate graphene oxide network and the as-prepared flame-retardant GTP paper with



ultrasensitive fire alarm response can be applied as desirable smart fire alarm sensor material.

Highlights

Biomass-derivatives decorated graphene oxide network was fabricated via a facile strategy.
The synergistic reinforcing effect was formed in the hybrid networks based on bionic design.
The bio-based hybrid networks show excellent flame resistance and structural stability.

Ultrasensitive fire alarm time of <1s and desirable fire early warning responses are achieved.
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Such hybrid networks can be used as sustainable fireproof and fire alarm sensor materials.



