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Abstract: It is still a high challenge to develop environmental-friendly and highly
efficient flame retardant for application in thin polymer coating. Here, a
graphene@glass sheets composite flame retardant is developed and prepared by a new
in-situ liquid-phase exfoliation process. When the flame retardant is doped into polymer
coating, it exhibits excellent flame retardancy for flammable plastic, wood and
nonflammable steel. The limiting oxygen index (ca.32.3%) and UL-94 V-0 rating of a
ultra-thin polymer coating (ca.65um) can be obtained for fire protection of wood. The
long fire-retardant time (55.0min) is also observed, which is far longer than that of the
conventional polymer coating (1.0min) for fire protection of steel. This work provides
a new strategy for creating cost-effective thin flame retardant polymer coatings for

various industrial applications.
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1.Introduction

With the rapid development of the world economy, there are more and more plastic,
wood and steel in the whole industry[1-2]. However, the flammable plastic and wood
to nonflammable steel bring huge potential safety hazards for the industry, especially
construction field[1, 3]. The flame retardant polymer coating is a good strategy for fire
protection of plastic, wood and steel[4-5]. As well-known, the performance of flame
retardant polymer coating mainly depends on chemical structure and composition of
flame retardant [6-9]. Therefore, a lots of flame retardants have been developed for
application in flame retardant polymer coating, such as halogen system, phosphorus
nitrogen system, intumescent system, biomass system, carbon system, 2D MXenes and
so on [10-21]. Among these flame retardants, carbon (eg. Graphene) system is a
promising flame retardant due to good environmental friendly and good mechanical
reinforcement[22]. However, it showed relatively low flame retardancy for the single
graphene materials. So, graphene based composite flame retardants were developed for
improving flame retardancy[23-24]. For example, phosphor nitrile functionalized UiO-
66-NH>@graphene hybrid flame retardants were prepared for fire safety of epoxy [25].
Graphene nanosheets decorated by cerium stannate were also prepared to enhance
flame retardancy and mechanical performances of flexible polyurethane foam [26]. The
Mg(OH).@graphene oxide (MHG) nanocomposite was prepared by a facile
precipitation method for fire safety of PVA[27]. However, the graphene system was
few applied in flame retardant polymer coating due to following several reasons. Firstly,
the char of these flame retardant-doped polymer coating was not stable enough to form
defence and thick film against fire [28]. Secondly, the incompatibility between flame
retardant and polymer matrix further limited the processability and flame retardancy of
such flame retardant polymer coating [29]. Therefore, it is still an ambitious challenge
to develop flame retardant polymer coating with high performance, especially for

graphene based flame retardants.
Based on above consideration, a new biomimetic low-melting glass sheets
(GPs)@graphene nanosheets(GNs)@Poly(Hydroxyethyl acrylate-co-Sodium vinyl

sulfonate) (PVH) flame retardant is designed and prepare by in-situ aqueous exfoliation
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method. The GPs are flowable and noncombustible at high temperature, which act as
synergism to enhance the flame retardancy of graphene. In addition, PVH acts as
surfactant for improving compatibility between GPs@GNs and polymer matrix. So, it
also exhibits high mechanical stability and flame retardancy for present flame retardant
polymer coating. This work offers a new approach to large-scale produce low-cost and
effective flame retardant coatings, which hold great promise for many real-world
applications in construction, transportation, plumbing, and electrical fields.
2. Experiment
2.1 Materials

Hydroxyethyl acrylate (HEA), sodium vinyl sulfonate solution (SVS, 25wt%) ,
potassium persulfate and graphite were supplied by Aladdin Chemical Co., Ltd. The
low-melting glass powders (GPs) was supplied by Aladdin Chemical Co., Ltd. H2SO4
(>98.0%) was purchased from Chengdu Ke Long Chemical Reagent Co., Ltd. H3POu,
NaOH and Na;COs were purchased from Tianjin Damao technology development Co.,
Ltd. Waterborne acrylic acid resin paint (AA, 50+2wt%) was supplied by Zhejiang
Jinhong adhesive Co., Ltd.
2.2 Preparation of GPs@GNs@PVH flame retardant

The GPs@GNs@PVH flame retardant was prepared by a facile three-step method
as shown in following. Firstly, the PVH was synthesized by the aqueous solution
polymerization method according to previous work[30]. The 130.0g SVS aqueous
solution, 20.0g HEA and 25.0g water were added to 250.0mL three-mouth flask and
mixed by mechanical stirring for 3.0min. 61.0g potassium persulfate aqueous solution
(0.9wt%) was dropped into above solution for 1.0h and continuously reacted for 5.0h
at 65.0°C under mechanical stirring. Finally, 0.065g potassium persulfate powder was
directly added to above reaction solution and continuously reacted for 1h at 65.0°C
under mechanical stirring, forming PVH solution (30.0wt%). Secondly, the expanded
graphite (EG) was prepared by bubbling expansion method. 30.0g KMnO4 was added
into 180.0mL concentrated sulfuric acid in the ice bath. 30.0g natural graphite was
added to above solution and mechanically stirred at room temperature for 1.0h. Then,
30.0g Na;COs was added into above mixture under mechanical stirring. Secondly,
420.0mL H3PO4 was added into above mixed system under mechanical stirring for 5.0h.
Thereafter, the products were washed and filtered, forming EG. Thirdly, 96.0g EG,
260.0g GPs and 87.0mL PVH solution were added into 818.0mL NaOH solution
(pH=14). The mixture was mechanically stirred for 2.0h at 15,000 rpm by using an FA



40 high shear dispersing emulsifier (Fluko), forming GPs@GNs@PVH dispersion
solution (31.8wt%). In a comparison, the GPs@GNs dispersion solution (30.0wt%) was
also prepared by the similar process.
2.3 Preparation of flame retardant AA coating

The flame retardant AA coating was prepared by the facile mixing method. The
500.0g GPs@GNs@PVH (or GPs@G) dispersion solution and 600.0g waterborne AA
paint were mixed under mechanical stirring (1000r/min) for 30.0min to obtain uniform
flame retardant paint. The composition of flame retardant paint is shown in Table 1.
After that, the paint was coated on the surface of various substrates (eg. PMMA plate,
PU foam, wood and steel) by spraying method and cured at room temperature for 24.0h,
forming flame retardant AA coating.

Table 1. The composition of various flame retardant paints

AA Si02 GPs G PVH  Other reagent

Sample Wt%)  (Wt%)  (Wt%)  (Wt%)  (wt%) (Wt%)
GPS@GEQ@PVH/ 170 100 98 36 10 0.3
GPs@GNs/AA 170 100 9.8 3.6 0 0.3

2.4 Characterization
The phase structure of the samples was characterized by the X-ray diffraction
(XRD) with a Cu K, radiation diffraction (A=0.154nm, 35.0kV and 40.0mA) in the scan
range of 5.0~80.0° and the scanning speed of 4.0°/min.
Raman spectra were obtained by a Renishaw in Via Raman microscope with a
532.0nm laser wavelength.
The thickness of the graphene nanosheets was obtained by atomic force
microscopy (AFM, SPA-300HV, SII).
Fourier transform infrared spectroscopy (FT-IR) spectrum was obtained by an
infrared spectrometer (TENSOR 27, Bruker, Germany).
Thermal properties of coatings were characterized by thermogravimetric analysis
(TGA, Mettler Toledo, Switzerland, 20°C/min, 25~800°C).
The melt transition behavior of GPs was characterized by Image burning point tester
(CJY-1400) according to QB/T 1546-2016.
The micro-structure of sample was observed by Field emission scanning electron

microscopy (SEM, Su-8010).



The thickness of coating on wood and PU foam was obtained by observing their
sectional structure with a metallographic microscope (MV6100), and the thickness of
coating on steel sheet was measured with a digital display screw micrometer (IP64).

The adhesive performance of flame retardant AA coating on PMMA and steel was
characterized by knife-scratch and shear-lap tests according to ASTM D 3359-09 and
ISO 4587, respectively.

The adhesive performance of flame retardant AA coating on PMMA was also
characterized by adhesive strength as shown in Scheme 1. The testing sample was
stretched by stretching machine with a rate of 20.0mm/min. The shearing strength (MPa)
of testing sample is calculated according to following formula (1).

Shearing strength=F/S (1)
Where F and S is the tensile force (N) and coating area (mm?), respectively.
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Scheme 1. Schematic of testing adhesive strength.

2.5 Flame retardancy of flame retardant AA coating

Limited oxygen index (LOI) of flame retardant AA coating was measured by an
oxygen index meter (JF-3, Nanjing Jiangning Analytical Instrument, China).

UL-94 rating of flame retardant AA coating was measured by a horizontal vertical
burning meter (CZF-3, Nanjing Jiangning Analytical Instrument, China) according to
GB4609-84 standards.

The flame retardancy was evaluated for plastic, wood and steel as shown in
following. A Bunsen lamp filled with butane gas was used as the fire source in the
experiment. The distance between the flame and the coating was adjusted to 7.0cm. The
combustion process was recorded by camera.

The thermal insulation performance and fire resistance time of the flame retardant
AA coating were tested by large plate experiment on the basis of ASTM E119 standards
as shown in Scheme 2. During this process, the coated side of the steel plate was
exposed to a high temperature flame (about 1000°C), and the back side temperature of
the steel plate was recorded as a function of time by the Infrared Thermal Imager. Fire-
resistant time is defined as the time for the back side temperature of the steel plate to
reach 200°C from room temperature, which is regarded as a standard of evaluating fire

resistance of the flame retardant coatings.
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Scheme 2. Schematic of testing fire resistance time.

3. Results and Discussions

Generally, the graphene based flame retardants were prepared by a two-step
method[31-32]. The graphene nanosheets (GNs) or reduced graphene oxide (rGO) was
firstly prepared by chemical or physical method. And then, other flame retardants were
combined with GNs or rGO by in-situ synthesis or directly mixing method. As well-
known, the GNs or rGO easily formed agglomeration in the preparing process, and the
GPs also easily precipitated in water due to large density. The two problems bring a
difficult and challenge for preparing GPs@GNs flame retardant with uniform
distribution[33]. Here, a new preparing process was developed to produce GPs@GNs
flame retardant, which was prepared by in-situ water-phase exfoliation under assistant
of bubbling expansion as shown in Fig.1. Some oxygen groups were firstly introduced
to the edges of graphite flakes by chemical treatment, and then the layer spacing of
graphite flakes was expanded by gas bubbles (Video 1). Above process was used to
minimize the attractive interaction between graphite layers. So, the pre-treated graphite
flakes were easily exfoliated to GNs by high-rate shearing force in presence of GPs and
PVH, forming GPs@GNs@PVH flame retardant with homophonous distribution. The
successful preparation of GPs@GNs@PVH flame retardant facilitates the industrial

application of graphene based flame retardant.



Fig.1. Schematic illustration of the synthesis processes of GPs@GNs@PVH flame
retardant.

The formation of GPs@GNs@PVH was confirmed by XRD, Raman and IR
spectrum as shown in Fig.2A, 2B and 2C, respectively. A strong diffraction peak of
20=26.5° was observed (in Fig.2A-a), which was assigned to (002) pattern of graphite.
After chemical treatment and exfoliation process, the diffraction peak of 26.5° almost
disappeared (Fig.2A-b/c). This result indicated that the graphite flaks with order crystal
structure changed to graphene nanosheets with disorder structure due to the mechanical
exfoliation[34]. Other diffraction peaks were assigned to GPs. As shown in Fig.2B, two
strong peaks at 1351.0cm™ and 1584.0cm™ were clearly observed for GPs@GNs and
GPs@GNs@PVH, which were assigned to D and G band of graphene, respectively.
The D to G intensity ratio (/p/lg) of GPs@GNs@PVH and GPs@GNs was about 0.3
and 0.6, respectively. The result indicated that some defects (eg. oxide groups) were
introduced into the surface of GNs after chemical treatment. In addition, it was found
that the In/IG of present graphene based composites was obviously smaller than that of
other graphene based composites reported in previous works [35-36]. As shown in
Fig.2C-a, there was almost no absorption peaks for the GPs@GNs. In a comparison,
some absorption peaks were clearly observed for the GPs@GNs@PVH (Fig.2C-b),
which were similar with IR spectrum of pure PVH (Fig.2C-c). The result indicated that
these new absorption peaks were assigned to PVH. These results confirm the formation
of GPs@GNs@PVH by in-situ water-phase exfoliation.
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Fig.2. (A) XRD and (B) Raman spectra of (a) graphite, (b) GPs@GNs@PVH and (c)
GPs@GN:ss. (C) IR spectra of (a) GPs@GNs, (b) GPs@GNs@PVH and (c) pure PVH

The micro-structure of GPs@GNs@PVH was characterized by the SEM images
as shown in Fig.3A. The GPs@GNs@PVH exhibited a typical flake shape with a size
of ca.2.5um. The special flake shape of present composites was assigned to flake shape
of GPs and GNs (sFig.1A). In addition, the EDS mapping images of GPs were further
characterized as shown in sFig.1B. The Si, O and Na element were clearly observed,
indicating that the GPs with low melting point were mainly composed of Si, O and Na
element. From the high magnification SEM (Fig.3B), some nanosheets were observed,
which were assigned to graphene. The result indicated that GPs were flake and wrapped
by GNs. Above result was further confirmed by element mapping image (Fig.3D-a-d).
Expecting for Si, O and Na element, a new C element was clearly observed, which was

assigned to graphene and PVH. In addition, these elements were uniformly distributed

on the surface of particles. The result further indicated that these flakes were




some sheets with a thickness of ca. 1.1nm, forming single- or two-layer(s) graphene.
The result further confirmed that the EG was in-situ exfoliation to GNs with ultra-thin
layer(s) in the presence of GPs. The GPs@GNs@PVH dispersion solution showed clear
and transparent after centrifugation (3000rpm) as shown in Fig.3E. The GNs generally
were stable in water under centrifugation (3000rpm), revealing a black dispersion
solution. The result further indicated that the GNs were coated on surface of GPs. The
GPs@GNs@PVH dispersion aqueous solution remained good stability for more than
24.0h (Fig.3D-d). In contrast, the GPs@GNs was complete precipitation from
GPs@GNs dispersion aqueous solution within 24.0h. These results confirmed that the
PVH could provide good stability and dispersion of GPs@GNs in aqueous solution.




Fig.3. (A-B) SEM images of GPs@GNs@PVH, (C) AFM image of graphene in
GPs@GNs@PVH. (D) The element mapping images of GPs@GNs@PVH, (a) Si, (b)
C, (c) Na and (d) O. (E) Optical photos of (I) graphene and (II) GPs@GNs@PVH
dispersion solution before and after centrifugation, (III) GPs@GNs and (IV)
GPs@GNs@PVH dispersion solution after 24.0h.

To evaluate application of GPs@GNs@PVH flame retardant in industries, one
type of commercial waterborne acrylic resin (AA) paint was chose as the matrix of
flame retardant polymer coating. The micro-structure of flame retardant AA coating
with GPs@GNs and GPs@GNs@PVH was characterized and compared by SEM
images as shown in Fig.4. It clearly showed a relative smooth surface and few large
particles was observed for the pure AA coating (Fig.4A). When the GPs@GNs was
doped into AA coating, it presented lots of large particles and pores (Fig.4B). The result
indicated poor interface interaction between GPs@GNs fillers and AA matrix. In
contrast, it exhibited a relatively few pore and a lots of embedding particles for
GPs@GNs@PVH/AA coating (Fig.4C). The result indicated the strong interfacial
interaction between GPs@GNs@PVH and AA matrix, which was mainly ascribed to
the PVH. At the same reason, there was few aggregates for the flame retardant.
AA coating, indicating the good distribution of GPs@GNs@PVH in AA matrix. Such
robust interfacial property and good distribution could effectively improve flame
retardancy, thermal and mechanical properties of flame retardant AA coating. Fig.4D
shows the Raman spectra of flame retardant AA coating with GPs@GNs and
GPs@GNs@PVH. It clearly showed two strong peaks at 1352.0 (or 1362.0) cm™ and
1587.0cm™, which were assigned to D and G band of graphene, respectively[37].
Although these GNs were not clearly observed in SEM images due to coat on surface
of GPs, yet, the Raman result could confirm the presence of GNs in flame retardant AA

coating.
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Fig.4. SEM images of (A) AA coating, (B) GPs@GNs/AA coating and (C)
GPs@GNs@PVH/AA coating. (D)Raman spectra of (a) AA coating, (b)
GPs@GNs/AA coating and (c) GPs@GNs@PVH/AA coating.
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As-well known, the adhesive properties of flame retardant polymer coating on
substrate was also key role for its practical applications[38]. Here, the adhesive
properties of flame retardant AA coating on PMMA and steel plate were characterized
by knife-scratch and shear-lap tests according to ASTM D 3359-09 and ISO 4587,
respectively as shown in Fig.5[39]. Generally, adhesive failures were classified into
three modes: cohesive failure, adhesive failure, mixed cohesive and adhesive
failure[40]. The cohesive mode corresponded to a failure in the bulk adhesive layer,
while the adhesive mode corresponded to the interfacial failure between the adhesive
and adherent[41]. The cohesive mode indicated the better adhesive performance
comparing to adhesive mode[41]. As shown in Fig.5A, the AA coating exhibited the
mixed failure mode, indicating a low adhesive performance. After introduction of
GPs@GNs or GPs@GNs@PVH, the flame retardant AA coating exhibited a cohesive
failure mode, indicating a good adhesive performance. The adhesive strength of various
coatings on PMMA plate was further characterized and compared as shown in Fig.5B.
It was about 0.08MPa, 0.58MPa and 0.59MPa for pure AA coating, GPS@GNs/AA
coating and GPs@GNs@PVH/AA coating, respectively. The improvement of adhesion
strength and toughness was attributed to the presence of reinforcing phase (GPs and



GNs). In addition, the knife-scratch method was also performed to evaluate the
adhesion of flame retardant AA coating with the steel substrate as shown in Fig.5C.
According to ASTM D3359, it ranged from 0B (complete removal of coating film
lattices) to 5B (intact lattices with completely smooth edges)[42]. As shown in Fig.5C,
the intact lattices of all coatings exhibited completely smooth edges, indicating the
highest adhesion level of 5B. The result further confirmed good adhesive performance

of flame retardant AA coating for various substrates.
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Fig.5. (A)Optical photos of (a) AA coating, (b) GPs@GNs/AA coating and (c)
GPs@GNs@PVH/AA coating on PMMA plate after failure. (B) Adhesion strength of
(a) AA coating, (b) GPs@GNs/AA coating and (c) GPs@GNs@PVH/AA coating on
PMMA plate. (C) Optical photographs of (a) AA coating, (b) GPs@GNs/AA coating
and (c) GPs@GNs@PVH/AA coating on metal plate after knife-scratch.

The thermal degradation behavior of various AA coatings was determined by TG-
DTG curves under N2 atmosphere as shown in Fig.6. And the relevant parameters were
summarized in Table 2. It was clearly seen that the thermal degradation of all coatings
was mainly composed of two stages. The slight weight loss between 100°C and 200.0°C
was attributed to the evaporation of water, while the loss in the range of 300.0-450.0°C
was related to decomposition of the organic component and resin matrix[43]. For the
pure AA coating, the initial decomposition temperature (Tse) and the residual char were



about 210.0°C and 43.0% (800.0°C), respectively. After addition of GPS@GNs and
GPs@GNs@PVH, the Tsy and residual char both increased to ca. 306.0°C and 62.5%
(or 64.3%) , respectively. The higher Tsy of flame retardant AA coatings was due to
good barrier effects of GPs@GNs. The remarkably enhancing residual char was also
attributed to GPs@GNs, which was difficult to decompose at lower temperature than
800.0°C under N2. Here, GPs@GNSs/AA coating and GPs@GNs@PVH/AA coating
exhibited similar Tsy and residual char. The result was due to that the low content of
PVH was slight effect on thermal degradation behavior of coating. The thermal
degradation behavior of various AA coatings was also characterized by TG-DTG
curves under air atmosphere as shown in sFig.2 and sTable 1. It showed similar result
with TG-DTG curves under N2. The similar residual char indicated the good flame
retardancy for present coating [44]. These results suggested that the GPs@GNSs or
GPs@GNs@PVH could effectively improve thermal stability and residual char of AA

coating.
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Fig.6. (A) TG and (B) DTA of (a) GPs@GNs/AA coating and (b) GPs@GNs@PVH/AA
coating, (c) pure AA coating.

Table 2. The thermal performance of various coatings under No.

Coating Tse, (°C) Tmax (°C) Reidual char (%)
Pure AA 210.0 406.0 49.5
GPs@GNs/AA 306.0 384.0 64.3
GPs@GNs@PVH/AA 306.0 389.0 62.5

The flame retardancy of flame retardant AA coatings was firstly characterized by
protection of flammable PMMA plastic as shown in Fig.7. When the pure PMMA plate
was exposed to flame for 10.0s, the PMMA plate was ignited and rapidly burnt out
within 120.0s (Fig.7A and Video 2). The PMMA plate with AA coating was still be



ignited after exposure to flame for 10.0s, but they burnt more slowly comparing to pure
PMMA plate (Fig.7B and Video 3). The result was attributed to that the AA coating
contained some inorganic particles (eg. SiOz) with flame retardancy. In contrast, the
flame was not ignited the PMMA plate with GPs@GNs/AA coating and
GPs@GNs@PVH/AA coating within 10.0s. In addition, the PMMA plates with flame
retardant AA coating almost retained its original integral structure and was few thermal
shrinkage deformation (Video 4-5). These results indicated the excellent flame
retardancy of present flame retardant AA coatings for plastic materials. The flame
retardancy of present flame retardant AA coatings was further evaluated for protection
of PU foam (sFig.3). When pure PU foam was exposed to butane flame (>1000.0°C),
the PU foam was readily ignited in 3.0s and the most part of PU foam was burnt out
within 42.0s (sFig.3A). The PU foam with AA coating or GPs@GNs/AA coating could
still be ignited after exposure to flame for 30.0s, but they burnt more slowly comparing
to pure PU foam (sFig.3B-C). The burning continued until 98.0s and 47.0s for PU foam
with AA coating and GPs@GNs/AA coating, respectively. In a comparison, the PU
foam with GPs@G/AA coating had more residual foam comparing to pure PU foam
and PU foam with AA coating. In contrast, the PU foam with GPs@GNs@PVH/AA
coating had very small flame after exposure to flame for 30.0s. Furthermore, After only
6.0s, the flame was self-extinguishment (sFig.3D). These results further indicated a
positive combination or superposition effect between PVH, GNs and GPs, thus leading

to better flame retardancy for polymer materials.

Fig.7. Optical photos of (A) pure PMMA plate, PMMA plate with (B) pure AA coating,



(C)GPs@GNs/AA coating and (D)GPs@GNs@PVH/AA coating in the presence of
flame.

The flame retardancy of various AA coatings was evaluated and compared by UL-
94 vertical burning and LOI tests as shown in Table 3. Pure PU foam showed a low LOI
of ca.19.1% and no UL-94 ratings, agreeing well with previous report[45]. During
vertical burning test, upon exposure to flame, PU foam was ignited instantly (<1.0s)
until burnt out, leaving a very thin and hollow char after testing. When the PU foam
was coated with AA coating, GPs@GNs/AA coating and GPs@GNs@PVH/AA
coating (thickness of 500.0um), the LOI was about 21.1%, 26.7% and 31.3%,
respectively. When the thickness of GPs@GNs@PVH/AA coating was improved to
600.0um, the LOI of coated PU foam was further improved to be 34.2%. Furthermore,
the PU foam with GPs@GNs@PVH/AA coating was self-extinguish within 2.0s after
each flame application (sFig.4). However, it still failed to pass a desired UL-94 V-0
rating. This result was due to that the flame retardant AA coating was difficult to form
compact protect layer on PU foam with porous structure by the spray method. Above
result was further confirmed by testing fire safety of wood without porous structure.
When the wood was protected by the GPs@GNs@PVH/AA coating (thickness of
ca.65.0um), the LOI could reach 32.3% (Table 3). At the same time, it also exhibited
UL-94 V-0 rating for the wood with present flame retardant AA coating. The flame
retardancy of present and previous flame retardant polymer coating was also compared
for fire safety of wood as shown in Table 3. Present flame retardant AA coating
exhibited largest LOI. If the thickness of flame retardant polymer coating was also
considered, present flame retardant AA coating indicated better flame retardancy. Here,
similar GPs@BN@PVH/AA coating was also prepared and compared, in which the
GPs@boron nitride (BN)@PVH had been reported in previous work[46]. The flame
retardancy of present GPs@GNs@PVH/AA coating was obvious better comparing to
GPs@BN@PVH/AA coating. The result was attributed to following two reasons.
Firstly, the surface area of GNs was larger than BN, indicating better barrier effects at
the same content. Secondly, the GNs was better dispersion and mechanical
reinforcement effect comparing to BN. These results further confirmed the excellent
flame retardancy of present GPs@GNs@PVH.
Table 3. Limiting oxygen index (LOI) and dripping behavior of various coatings on PU

foam and wood.



Thickness LOI Vertical

Coating Substrate (um) (%) burning test Ref
GPs@GNs@PVH/AA PU foam 500.0 31.3 NR
GPs@GNs/AA PU foam 500.0 26.7 NR
AA PU foam 500.0 21.1 NR
GPs@GNs@PVH/AA PU foam 650.0 34.2 NR bres
GPs@GNs@PVH/AA Wood 65.0 323 V-0 \:(I)lrtk
GPs@BN@PVH/AA Wood 65.0 28.8 NR
GPs@GNs/AA Wood 65.0 27.8 V-0
AA Wood 65.0 24.6 NR
Polyphosph;‘ieeill\)/[ontmonllo Wood 3000.0 31.8 V-0 [47]
Nitrogen-phosphorus/ EP Wood 450.0 31.0 V-1 [48]
P@monoacrylate/EP Wood 100.0 24.0 V-0 [49]
Diethyl bis(2-hydroxyethyl)
aminomethylphosphonate/AA Wood 2000 289 V0 0]
bis(4-formyl-2-
methoxyphenyl)phenylphosp Wood 200.0 32.9 V-0 [51]

honate/EP

As well-known, the mechanical strength of steel deceased with increasing in
temperature, so, it was very important to delay the rise of temperature upon exposure
to flame. Present flame retardant AA coating was also evaluated for fire safety of steel
plate as shown in Fig.8. When the steel plate with AA coating was exposed to flame,
the back side temperature (BT) of the coated steel plate quickly rose from room
temperature to more than 261.0°C within 1.0min (Fig.8C). The result indicated that the
fire-resistant time of AA coating was so shorter than 1.0min. In addition, the AA
coating was ignited and intense combustion. In contrast, it needed 20.0min and 55.0min
to rise to 200.0°C for BT of the steel plate with GPs@GNs/AA coating and
GPs@GNs@PVH/AA coating, respectively (Fig.8D). These results confirmed that
Present flame retardant AA coating could effectively reduce heat transfer rate and
prolong the fire-resistant time of metal. Furthermore, the GPs@GNs/AA coating and
GPs@GNs@PVH/AA coating were not ignited within 55.0min under a flame with a
high temperature of ca.1000.0°C (Fig.8A-B). The result further confirmed excellent



flame retardancy of present flame retardant AA coating. In addition, the wood was one
of the most flammable materials, so, the effective fire protection of wood was also high
interesting for the industry, buildings, furniture and so on. The fire-resistant of present
flame retardant AA coating was further characterized and compared for fire safety of
wood as shown in sFig.5. When pure wood was exposure to a alcohol burner flame, it
was readily ignited in 1.0s (sFig.5A), indicating a flammability characteristic. In
contrast, the wood with GPs@GNs/AA coating and GPs@GNs@PVH/AA coating was
still not ignited after exposure to a alcohol burner flame for 80.0min, indicating a long
fire-resistant time (sFig.5B-C). The long fire-resistant time provided enough time for

people to escape. Therefore, present flame retardant AA coating showed great potential
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Fig.8. Optical photos of steel plate with (A) GPs@GNs/AA coating, (B)
GPs@GNs@PVH/AA coating and (C) AA coating for the burning behavior . (D) Back
side temperature of steel plate with (a) GPs@GNs/AA coating and (b)
GPs@GNs@PVH/AA coating as a function of times under a flame.



Fig.9 shows the SEM images of various coatings on PMMA substrate after burning.
It clearly exhibited porous and loose char layer, which was composed of particles
(Fig.9A-B). These discontinuous particles were assigned to residual carbon of AA
matrix and inorganic fillers in coating. In a comparison, it showed compact char, in
which few particles was observed (Fig.9C). The compact structure was due to that the
GPs could melt, flow and fill in these crack and pores of residual carbon in the burning
process. Above conclusion was confirmed by heating GPs as shown in sFig.5. When
the temperature was higher than 550.0°C, the GPs and GPs@GNs@PVH formed
continuous layer with compact structure, while they were difficult to form compact

layer at lower temperature than 450.0°C. The elemental mapping images of

GPs@GNs@PVH/AA coating after burning was also characterized as shown in Fig.9D.
The Si, Na, C and O elements were clearly observed. The C element was assigned to
residual carbon of AA matrix and graphene. The Na and O element was assigned to
residue of PVH. The Na, Si and O element was also assigned to GPs. These elements
were uniformly distributed on surface of char layer. These results further confirmed the
formation of uniform and compact char layer. As discussed above, the integral char
layer with an compact structure was beneficial for preventing the spread of fire. These

results confirmed the lava-like flame retardant mechanism of present GPs@GNs@PVH.




Fig.9. SEM images of (A) AA coating, (B) GPs@GNs/AA coating, (C)
GPs@GNs@PVH/AA  coating. (D) Elemental mapping image  of
GPs@GNs@PVH/AA coating.

The melt transition behavior of GPs was further characterized by image burning
point tester as shown in Fig.10. It could be seen that the ambient temperature of the test
chamber was about 350.0°C, and the middle sample square presents a black image
because of the low surface temperature (Fig.10A). The matching program of the test
instrument would draw the whole experimental cavity and sample wheel frame with
red lines through calculation. After the experiment, when the temperature reached
500.0°C, we could see that the sample suddenly deviated from the area outlined by the
red line and contracted to the middle (Fig.10B). This was because the sample began to
melt inside and the whole sample collapsed. This was the beginning of the phase
transition of the low melting point glass powder. The temperature of phase transition
was defined as the collapse temperature. As the temperature continued to 550.0°C, the
profile of the sample became a semicircle, indicating that the melting of the sample
became more intense. At this time, the temperature was defined as the semicircle
temperature. When the temperature reached 590.0°C, the upper part of the sample
contour was more and more far away from the original red wheel frame line, and both
ends began to spread out beyond the red contour in the initial state. It meant that the
low melting point glass powder began to flow under a certain amount of molten state
accumulated at this moment. The temperature was defined as the flow temperature.
From above discussion, we could further confirm that the phase transition temperature

of low melting point glass powder was in the range of 500~590°C.

/

ample




Fig.10. Optical photos of GPs in the test chamber with various temperatures, (A)350°C,
(A)500°C, (A)550°C and (A)590°C .

The thermal degradation process of GPs@GNs@PVH/AA coating was further
investigated by TG-IR spectra as shown in Fig.11. some absorption peaks of 2356.0cm"
1 2067.0cm™, 1516.0cm™, 1369~1138.0cm™, 1755cm™ and 675cm™ were observed,
which were assigned to these pyrolysis products of CO2, CO, CSz, SO, carbonyl and
vinylhydrocarbon compounds, respectively[52]. As well-known, GPs and graphene
were both thermostable and noncombustible. So, these pyrolysis products were
assigned to these organic materials of AA and PVH. These results suggested that the
PVH could release some noncombustible gases (e.g., SO2, CO., H20), inhibiting the
combustion. However, their very weak peaks indicated a low content of these
noncombustible gases. The result confirmed that the gas phase mechanism was slight
role for good flame retardancy of GPs@GNs@PVH/AA coating.
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Fig.11. (A)TG-IR 3D image and (B) IR spectra of GPs@GNs@PVH/AA coating as a
function of temperatures.

Based on above analysis, a flame retardant mechanism of GPs@GNs@PVH/AA
coating was proposed as shown in Fig.12. When the coating was exposure to flame, the
AA and PVH polymer began to degrade and gradually created residues. It was
accompanied by the release of small volatile gas products, such as CO,, CO, CSy,

SO,[53]. Among these gas products, CO2 and SO were noncombustible gases, which



could inhibit the flame by diluting fuels and oxygen[54]. Moreover, when the
GPs@GNs@PVH/AA coating was burnt, the temperature of coating was generally
higher than 550.0°C (Fig.8). With the temperature increasing above 550°C, the GPs
began to gradually melt and nearly melted completely at 650°C (sFig.5). The fully
molten GPs could flow freely and thus gradually fill the cracks, forming compact
ceramic char layer[46]. Meanwhile, 2D GNs could fill the residual cracks to further
improve the structural integrity of the char layer. The compact ceramic char layer does
not only prevent the spread of fire and O, but also reduce thermal transfer between the
flame and the condensed zones. As a result, when the underlying polymer substrates
fail to produce enough fuels to feed the flame, the flame could self-extinguish
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Fig.12. Schemical diagram of fire-retardant mechanism for the GPs@GNs@PVH/AA

coating.

4.Conclusion
In summary, a new organic-inorganic hybrid flame retardant was developed by

combining with GPs, GNs and PVH for application in flame retardant polymer coating.
When the wood was protected by only a 65-um-thick flame retardant AA coating, it



exhibited an ability to self-extinguish, a high LOI of 32.3vol%, a desired UL-94 V-0
rating. Additionally, present flame retardant AA coating also exhibited satisfactory
fire/thermal protection for steel, in which the fire-retardant time (55.0min) was obtained
at 650-um-thick flame retardant AA coating.This good flame retardancy of
GPs@GNs@PVH/AA coating was attributed to formation of noncombustible gases
and compact ceramic char layer, resulting from the synergistic effect of GPs, GNs, and
PVH. This work opens up a promising avenue for the design of flame retardant thin
coatings for diverse real-world applications in the areas of building and construction,
transportation, plumbing, and electrics.
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