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Abstract: Fire-protection coatings with a self-monitoring ability play a critical role in safety and
security. An intelligent fire-protection coating can protect humans from personal and property
damage. In this work, we report the fabrication of a low-cost and facile intelligent fire coating based
on a composite of ammonium polyphosphate and epoxy (APP/EP). The composite was processed
using laser scribing, which led to a laser-induced graphene (LIG) layer on the APP/EP surface via a
photothermal effect. The C-O, C=0, P-O, and N—C bonds in the flame-retardant APP/EP composite
were broken during the laser scribing, while the remaining carbon atoms recombined to generate the
graphene layer. A proof-of-concept was achieved by demonstrating the use of LIG in supercapacitors,
as a temperature sensor, and as a hazard detection device based on the shape memory effect of the
APP/EP composite. The intelligent flame protection coating had a high flame retardancy, which
increased the time to ignition (TTI) from 21 s to 57 s, and the limiting oxygen index (LOI) value
increased to 37%. The total amount of heat and smoke released during combustion was effectively
suppressed by ~ 71.1% and = 74.1%, respectively. The maximum mass-specific supercapacitance
could reach 245.6 F-g~!. The additional LIG layer enables applications of the device as a LIG-APP/EP
temperature sensor and allows for monitoring of the deformation according to its shape memory
effect. The direct laser scribing of graphene from APP/EP in an air atmosphere provides a convenient
and practical approach for the fabrication of flame-retardant electronics.

Keywords: fire protection; ammonium polyphosphate and epoxy composite; laser-induced graphene;
temperature sensor; shape memory effect

1. Introduction

In numerous technological applications and devices, unwanted ignition poses a se-
rious risk of causing harm to human lives and damaging the respective application or
device. To prevent and tackle fire hazards, considerable research has been carried out on
flame protection, fire extinguishers, and fire surveying or warning technologies [1-8]. For
flame-retardant technologies, polymer materials have commonly been applied with the
purpose of delaying or avoiding the occurrence of fire [9,10]. For example, flame-retardant
epoxy resin is widely used in electronic devices, which prevents electrical appliances
from burning or at least reduces the burning speed [11,12]. However, ideal fire-protection
coatings should not only be able to protect the material itself from ignition but also have ad-
ditional smart properties, such as the ability to monitor the material temperature and detect
potential hazards. However, it is still a big challenge to realize the functional integration of
intelligent self-monitoring fire protection in a single device with multiple functionalities,
namely, fire protection, temperature detection, and hazard monitoring. This becomes even
more challenging if the respective device requires reducing the size of the fire coating and
integrating it into microelectronics.

High-performance polymer materials, such as a flame-retardant epoxy resin (FR-EP),
are an indispensable fire-protection coating due to their excellent dimensional stability and
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high mechanical strength [13,14]. For the purpose of integrating other functionalities into
FR-EP materials, a viable strategy is to add additional functional materials into the FR-EPs
to form composites. The traditional process consists of spraying, embedding, or filling,
where such functional coatings or fillers can be carbon nanotubes, graphene, Ag, and carbon
black, which can be deposited directly onto the surface of the polymer [15-18]. In order to
integrate a functionalized temperature sensor via conventional means, multistep routes
and high-cost deposition materials are required [19]. Consequently, it is still challenging
to prepare smart fire-protection coatings, especially those with straightforward and facile
fabrication and custom design capabilities.

To circumvent such tedious multistep composite fabrication routes, graphene nano-
materials may be considered a viable alternative. Recently, graphene nanomaterials have
attracted great attention in many areas of industry and academia due to their high con-
ductivity, light weight, marked barrier effect, and excellent stability, which makes them
a promising candidate material for the preparation of smart electronic coatings [20,21].
Traditional graphene-based electronic components are fabricated by spraying, embedding,
or filling the prepared graphene onto or into the substrate [22]. Tang et al. [23] describe
the creation of multifunctional coatings through assembling graphene oxide (GO)/silicone
onto flammable substrate materials, which can detect a change in temperature and protect
the flammable materials from combustion while the fire occurs. However, the fabrication
of a GO/silicone coating needs different reagents, which may lead to a waste of reagents
and waste liquid treatment, and requires a complicated preparation process. To simplify
the preparation process and reduce the cost, Lin et al. [24] developed a novel, facile, and
low-cost approach to generating 3D porous graphene through laser scribing on polyimide.
More recently, several research groups reported the integration of graphene onto the surface
of polymers, such as those of the polysulfone class and PEEK (poly-ether-ether-ketone)
polymers [25-27]. The laser-scribing approach that is used to generate graphene is facile,
efficient, and has a low cost. Due to the similar polymer structures used in this study
to create FR-EP with the abovementioned precursors, we concluded that laser-scribing
technology may be an interesting tool to be used with FR-EP, which may facilitate the prepa-
ration of graphene-based FR-EP materials that can be integrated into electronic devices as
a fire-protection coating composite.

In this work, we propose a facile strategy for preparing a fire-protection coating by
integrating direct laser-induced graphene (LIG) into ammonium polyphosphate epoxy
resin (APP/EP) composites. The formation of graphene in APP/EP can be attributed to
the aromatic structure of the EP resin and the photothermal effect generated by the laser
radiation. The resulting LIG-APP/EP device had porous graphene on the surface, which
could be obtained in an ambient atmosphere in an optimized experimental process that
included multiple laser-scribing process steps (laser power: 5 W, laser-scribing speed: 10
mm-s~!). This coating could play both a flame-retardant role and detect potential hazards
through the high conductivity of the LIG and the shape memory effect of the APP/EP.
The LIG-APP/EP composite exhibited high electrical conductivity (9 (3, 1 cm X 1 cm), as
required for applications in the field of electronics. The potential for application of the
LIG-APP/EP composite was demonstrated in N- and P-doped supercapacitor electrodes
and temperature sensors, and the hazard detection functionality was shown to be based
on the shape memory effect of the APP/EP. The LIG-APP/EP may be regarded as an
intelligent coating that has tremendous potential for applications in various fields.

2. Materials and Methods
2.1. Preparation of LIG via Laser Scribing on APP/EP

Epoxy resin (E44) and m-phenylene diamine (m-PDA) were purchased from Sinopec
Baling Petrochemical Company (Yueyang, China) and ammonium polyphosphate (APP:
n > 2000) was procured from Qingyuan Pusaifurop Chemical Co., LTD (Qingyuan, China).
The three materials were mixed in a beaker together until they were uniformly distributed
using a hot plate with a magnetic stirrer at a high speed (1000 r/min). The contents of
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the added APP were 5%, 10%, 15%, and 20%. The mixture of E44, m-PDA, and APP was
poured into a mold and then cured at 80 °C for 2 h and at 120 °C for another 2 h, followed
by slow cooling to room temperature, and subsequently, the splines were removed. The
size of the prepared splines could be controlled using the size of the mold. In this work,
three sizes of splines were prepared for testing, which were 130 mm x 6.5 mm x 3 mm,
130 mm x 13 mm X 3 mm, and 100 mm x 100 mmx 1.2 mm. The spline with the size of
130 mm X 13 mm x 3 mm was divided into several small parts for the LIG characterization
tests and applied as a temperature sensor in ambient and water conditions.

Laser scribing on the APP/EP composites was performed using 50 W, 10.6 um CO,
laser equipment (Ketai 4060 purchased from Shangdong Kaitai Laser Equipment Co., Ltd.,
Liaocheng, China). The laser power and laser-scribing speed were set by the computer
connected to the CO, laser equipment. After repeatedly verifying the laser parameters
for preparing the LIG, we finally determined that the laser parameters for preparing the
LIG in this article were as follows: the laser power was adjusted to ~ 5W and the laser-
scribing speed was set to ~#10 mm-s~! for all specimens. The laser-scribing process and
the temperature sensor tests were carried out in ambient air conditions. In the following
statements in this article, the prepared graphene is called LIG, the sensor device is called
LIG-APP/EP, and the flame-retardant coating spline is called LIG/APP/EP.

2.2. Characterization of the LIG Formed on the APP/EP

The surface morphology and structure of the material were analyzed using scan-
ning electron microscopy (SEM; JSM-IT300, Beijing, China) and transmission electron
microscopy (TEM; FEI Tecnai G2 F30, Beijing, China). Raman spectra were collected us-
ing a Micro Raman imaging spectrometer (DXRxi, Shanghai, China) with a wavelength
of ~532 nm. X-ray diffraction (XRD) was carried out (D8 advance, Brook, Germany)
and X-ray photoelectron spectroscopy (XPS) spectra were measured (Thermo Kalpha,
Shanghai, China). Thermogravimetric analysis thermograms were recorded (Q50 TGA In-
struments, Minneapolis City, Minnesota, USA) within the temperature range of 100-900 °C
at 10 °C/min under an argon atmosphere. The conductivity of the LIG was measured
using a standard resistance tester (YD 2511A, Beijing, China). The LIG was scratched off
from the APP/EP substrate for further XRD, XPS, and thermogravimetric analyses. Other
general characterizations were directly performed on the LIG surface.

The limiting oxygen index (LOI) of the LIG/APP/EP as a flame retardant coating was
tested using JF-3 Oxygen Index Equipment, which was purchased from Nanjing Jiangning
Analytical Instrument Co., Ltd. (Nanjing, China), in accordance with the ASTM D2863-2008
standard. The investigated spline size was 130 mm x 6.5 mm x 3 mm. A UL-94 vertical
burning tester was used on the CZF-5 (Jiangning, China) according to the ANSI/UL-94-
2010 standard. The spline size was 130 mm x 13 mm X 3 mm Calorimetry was carried out
on cone-shaped test samples using a calorimeter from FTT Company (London, UK). The
sample size was 100 mm x 100 mm X 1.2 mm according to the ISO5660-1 standard. The
test power applied was 50 kW-m~?2, leading to a radiation cone temperature of ~756 °C.
The preparation of the LIG coating via laser scanning was carried out on the entire surface
of different APP/EP flame-retardant test samples to obtain LIG/APP/EP composites.
During the cone tests, the samples were wrapped in double-layer aluminum foil and
placed horizontally on the test tray.

According to the intensity ratio of the G peak to the D peak (Ig/Ip) in the Raman
spectroscopy data, the L, value was calculated using Equation (1) [28]:

I
Ly =24 x 107102} (1;) (1)

where A; is the wavelength of the Raman laser (A; = 532 nm).
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2.3. Fabrication of a Supercapacitor Electrode and the Electrochemical Test

The LIG powders were scratched off from the APP/EP substrate; the LIG powders
were then mixed and ground uniformly with conductive carbon black and PTFE (polyte-
trafluoroethylene) in a ratio of 8:1:1. The mixture was then placed in sonicated deionized
water and ultrasonically dispersed for 30 min. A certain amount of the uniform mixed
solution was dropped onto clean foamed nickel using a pipette gun, which was followed
by drying for 12 h in an oven. Electrode samples with a mass of ~ 1-2 mg were selected
for testing.

The electrochemical performance of the LIG supercapacitor working electrode was
first evaluated in terms of the galvanostatic charge—discharge (GCD) curves of all the
electrode devices, which were recorded via cyclic voltammetry (CV) with a three-electrode
configuration using a CHI 660 workstation (Shanghai, China). A Pt plate and Hg/HgO (in
3 M KOH) were applied as the counter and reference electrodes, respectively.

2.4. Fabrication of the LIG-APP/EP Sensors

Using control software (Beijing, China), 4 mm X 20 mm rectangle and 13 mm x 13 mm
square patterns were laser-scribed onto the surface of the APP/EP, leading to the conversion
of the APP/EP surface into a graphene layer. Two copper wires were connected to the
LIG layer with silver paint and the samples were heated at 80 °C for 30 min. Lastly, a
polydimethylsiloxane (PDMS)/hexane (10 wt.% PDMS) mixture solution was dropped onto
the surface of the porous LIG layers. To protect the copper wires from high temperatures,
Kapton PI tape (Shenzhen, China) was used to define the area of the copper wires. The
sample was then heated to 80 °C with a holding time of 3 h.

2.5. Characterization of the LIG-APP/EP Sensor

For the measurement of the temperature-sensing capability, the prepared LIG-APP/EP
sensor was placed in an oven and the Cu wires were connected to the resistance tester
for real-time monitoring of the resistance of the LIG-APP/EP sensors. Here, the dry-
ing oven served as a medium for controlling the testing temperature. The temperature
range was 20-120 °C. Moreover, according to the shape memory effect of the APP/EP
composite, it was demonstrated that the resistance could be restored to the approximate
initial value before the deformation occurred. In this section, for convenience, R and R
are the resistances of the LIG-APP/EP sensor before and after the temperature changes,
respectively. Visual evidence of the temperature-induced deformations is shown in the
Supplementary Materials.

3. Results
3.1. Surface Morphology and the Structure Characterization

Figure 1a demonstrates the processing of the APP/EP composite. The mixture of
EP, APP, and m-PDA was injected into the PTFE molds of different sizes to prepare
graphene coatings with different structures. The conductive LIG film was prepared using
a facile laser-scribing technology on the surface of the APP/EP composite, as illustrated
in Figure 1b. The successful preparation of the LIG on APP/EP was attributed to
the extreme thermal radiation emitted from the patterning CO, laser (10.6 um) in air
conditions. As shown in Figure 1b, some black LIG layers were generated on the APP/EP
surface. The SEM image of the cross-section of the laser-scribed APP/EP (Figure 1c)
demonstrated that the thickness of the LIG layer was ~50-60 um. The thickness of the
LIG layer could be controlled via adjusting the laser parameters [26]. The laser-scribed
APP/EP was converted into LIG, whereas the unexposed areas remained unchanged, as
depicted in Figure 1d. Because of the fast thermal decomposition of the APP/EP and
the release of gas during the laser scribing, the prepared LIG layer showed considerable
porosity and consisted of a uniform 2D hierarchical structure (Figure 1le). The high-
resolution TEM (HRTEM) image (Figure 1f) shows that the LIG consisted of a series
of graphene layers with an abundant wrinkled structure. The number of LIG layers
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was less than 10. Furthermore, it is illustrated that between the clear graphene stripes,
the average lattice space was 0.34 nm, which corresponded to the distance between the
adjacent (002) planes in the graphite materials, and it was well matched with the analysis
of the XRD pattern (as shown in Figure 1i).
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Figure 1. Fabrication of the specimens and the characterization of the laser-induced graphene (LIG). (a) Processing route
of the ammonium polyphosphate and epoxy (APP/EP) composites. (b) Processing route for fabricating an LIG layer on
the APP/EP surface. The inset shows a photograph of the LIG patterned into “BIT” on the APP/EP. (c) Scanning electron
microscopy (SEM) image of the cross-section of the LIG sample. (d) Enlarged SEM cross-section image of the LIG area.
The smooth region was the APP/EP substrate. The porous region on the left was the LIG layer. (e) High-resolution SEM
image of the LIG formed on the APP/EP. (f) High-resolution transmission electron microscopy (HRTEM) image of the LIG.
The yellow arrows mark the few layers of graphene. The average lattice spacing was 0.34 nm. (g) Representative Raman
spectrum of the LIG layer and the APP/EP composite, where the illustration is a magnified view of a location marked
in yellow in (f). (h) Representative X-ray photoelectron spectroscopy (XPS) spectrum of the LIG layer and the APP/EP
composite. (i) X-ray diffraction (XRD) spectrum of the LIG scraped from the APP/EP. The (002) planes of the graphitic
materials corresponded to the 0.34 nm distance marked in the HRTEM images.

The LIG displayed three outstanding characteristic peaks in the Raman spectrum
(Figure 1g), which were clearly different from the pristine APP/EP without laser scribing.
The three typical LIG peaks corresponded to the D peak at ~ 1350 cm ™!, the G peak at
~1580 cm~!, and the 2D peak at ~ 2700 cm~!. The 2D peak located at 2700 cm ™! is
indicative of typical double-layer graphene-based materials [29,30], proving the formation
of several layers of graphene. It can be concluded that the LIG was a highly graphitized
carbon that was acquired owing to high temperature (>2500 °C), which is different from the
carbon-based materials with a low degree of graphitization or even amorphous carbon [31].
Figure 1h shows the separate XPS spectra of LIG and the APP/EP composite. Compared
with the original APP/EP matrix, the XPS spectrum of the LIG showed intense C peaks
and faint O, P, and N peaks, which demonstrated that the laser effectively decomposed the



Polymers 2021, 13, 984

6 of 15

APP/EP composite, which involved the removal of oxygen-containing functional groups.
The XRD pattern also confirmed the generation of LIG (Figure 1i). A typical peak was
observed at 25.9°, corresponding to the (002) plane of the graphitic crystalline phase. The
peak at 42.9° corresponded to the (100) reflection, which could be ascribed to an in-plane
structure. The combined results of the Raman spectroscopy, XPS, and XRD (Figure 1g—i)
clearly evidenced the existence of a graphitic structure.

The Raman curves for the LIG with different APP contents (0-20%) are shown in
Figure S1, and the insert images show the Ig/Ip value. As the APP content reached 15%,
the degree of graphitization displayed a maximum, whereas, for a 20% APP content, a slight
decrease occurred. Therefore, the range of the added amount of APP in the subsequent test
was chosen to be 0-15%. The influence of the number of laser passes on generating the LIG
was also investigated by tuning the laser-scribing parameters. One set of LIG samples was
obtained by applying one to six laser-scribing passes (LIG 1x to LIG 6 x) with a laser power
of 5W and a scribing speed of 10 mm-s~!. As mentioned above, the degree of graphitization
was characterized using Raman spectroscopy. Figure 2a illustrates that the intensity of the
G peak reached a maximum with four passes, which may well correspond to the maximum
degree of graphitization. The degree of graphitization gradually increased as the scribe
passes increased from one to four, which could be attributed to the increased temperature
during the multiple laser passes. On the other hand, the degree of graphitization seemed
to decrease when the number of scribe passes was increased above four. This may have
been due to the oxidation reaction or high-temperature ablation in the ambient atmosphere.
The Ig/Ip ratio value obtained from the Raman curves versus the laser-scribing passes
provided a similar result, as depicted in Figure 2b. In addition, the L, value along the a-axis
(graphene crystalline size) in the LIG obtained via Raman spectroscopy was calculated
using Equation (1). The maximum was at 64.3 nm with four laser passes. It was, thus,
clearly indicated that four laser passes was the most appropriate choice for preparing LIG.
The graphene size reduced with more laser passes, whereas the L, value decreased to
24 nm as the number of laser passes increased to six. This was further confirmed by the
deep defect-correlated D’ peaks around ~ 1.620 cm ! in the LIG with six laser passes.

3.2. Influence of the Flame-Retardant Performance and Laser Process Parameters on the LIG
Formed on the APP/EP Composite

The degree of graphitization of the prepared LIG and the number of graphene layers
mainly depended on the flame-retardant properties of the substrate and the laser process
parameters; the detailed information is shown in Figure 2.

The Raman curves for the LIG with different APP contents (0-20%) are shown in
Figure 2a, and the insert images show the I;/Ip value (the value represents the degree of
graphitization). As the APP content reached 15%, the degree of graphitization displayed a
maximum, whereas, for an APP content of 20%, a slight decrease occurred. Therefore, the
range of the added amount of APP in the subsequent test was chosen to be 0-15%.

Figure 2b and Figure S1 illustrate that an increasing concentration of APP led to a
decrease in the decomposition temperature of the APP/EP composite materials. This was
due to the barrier effect of the APP flame retardant, which decomposed first by producing
metaphosphate, which again promoted the formation of carbon layers (Figure S2). The EP
displayed a stage of heat degradation, which corresponded to the thermal decomposition
of the epoxy chains (400-500 °C) in a nitrogen atmosphere. Compared with the pure EP,
the APP/EP composite displayed a lower initial thermal decomposition temperature (Tonset)
because of the addition of the APP flame retardant, which indicated the facile and rapid
heat absorption of the composites. As the added amount of APP increased to 15%, the
decomposition temperature decreased to 327 °C. However, the weight of the residual carbon
increased significantly from 16 to 36% at 600 °C. This again indicated that LIG could be
generated on the APP/EP composite surface. Furthermore, as the red curves in Figure 2b
show, the LIG prepared on the surface of the APP/EP composite remained stable above
700 °C. Thus, the TG curves verified that the LIG had good stability at high temperatures,
which means that LIG can play a flame-retardant role.
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Figure 2. (a) TGA curves for the APP/EP composites with different APP content and LIG/APP/EP in an air atmosphere.
(b) The limiting oxygen index (LOI) value (%) and the UL-94 rating for the EP and APP/EP composites with different APP
contents. (c) Raman spectrum curves of the LIG formed on APP/EP with different APP contents and the numbers of laser
passes, and the inset is the corresponding I /Ip ratio. (d) Raman spectra of the LIG generated with different numbers of
laser passes. (e) The integrated intensities of the G and D peaks (Ig/Ip) for different LIGs. (f) The crystalline size (L;) along

the a-axis of different LIGs.

The flame-retardant performance of pure EP, APP/EP, and LIG/APP/EP were studied
via LOI testing, UL-94 vertical burning tests, and cone calorimeter (CC) tests. The LOI
results are shown in Figure 2c. The pure EP exhibited a low LOI value of 24% and hardly
any self-extinguishing behavior (no level in the UL-94 vertical burning test) (Figure 2c).
By incorporating 15 wt.% of APP into the EP, the LOI value increased significantly to
33.4% due to the flame-retardant effect of the APP, whereas the UL-94 reached the VO level.
Further investigations of the flame retardancy of the LIG/APP/EP via LOI and UL-94
testing revealed that the LOI could reach values of up to 37% and the UL-94 remained at
the VO level. Accordingly, we confirmed that when the amount of APP added was 15%, we
obtained the optimal value of graphitization degree.

When the amount of added APP was 15%, we illustrated the influence of different
laser passes on the degree of graphitization through the Raman spectrum test. Figure 2d
illustrates that the intensity of the G peak reached a maximum for four passes, which may
well correspond to the maximum degree of graphitization. The degree of graphitization
gradually increased as the number of scribe passes increased from one to four, which
may be attributed to the increased temperature during the multiple laser passes. On the
other hand, the degree of graphitization seemed to decrease when the number of scribe
passes was increased above four. This may have been due to the oxidation reaction or the
high-temperature ablation in the ambient atmosphere. The ratio value of I¢/Ip obtained
from the Raman curves versus the number of laser-scribing passes provided a similar result,
as depicted in Figure 2e. In addition, the L, value along the g-axis (graphene crystalline
size) in the LIG obtained via Raman spectroscopy was calculated using Equation (1). The
maximum was at 64.3 nm with four laser passes (as shown in Figure 2f). It was, thus,
clearly indicated that using four laser passes was the most appropriate choice for preparing
the LIG. The graphene size reduced with an increased number of laser passes, whereas
the L, value decreased to 24 nm as the number of laser passes increased to six. This was
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further confirmed by the deep defect-correlated D’ peaks at &z 1.620 cm ! in the LIG with
six laser passes.

Notably, the resistance (R) of the LIG (1 cm X 1 cm) had a transition with the increasing
number of laser passes (Figure S3). The resistance decreased from 2.87 x 10% to 9 Q) as
the number of laser passes gradually increased from one to four. On the other hand, an
increase in R from 9 to 33 () was detected as the number of laser passes was increased
to six. This may indicate that the energy transferred by the laser had a distinct effect on
the transformation of the APP/EP to LIG, which in turn may have led to the observed
significant variation in the resistance. This finding implies that an insufficient number of
laser passes or a low APP content may lead to a failed LIG transformation. An insufficient
number of laser passes resulted in a too low imported energy per unit area, whereas a low
APP content led to the high flammability of the epoxy resin.

In summary, the parameters selected for our subsequent tests were as follows: APP
addition—15%, laser power—5 W, laser scanning speed—10 mm-s~!, and number of laser
passes—four.

3.3. The Growth Mechanism of the LIG Formed on the APP/EP

Figure 3 shows the laser-induced transformation mechanism of the APP/EP into
LIG under ambient air conditions. A photothermal effect may be introduced during
direct laser scribing, which leads to a high local temperature, combustion erosion, and
depolymerization of the APP/EP composite. Due to the barrier effect of APP [32], APP
degradation produces phosphoric acid and metaphosphoric acid that can catalyze the
EP into amorphous carbon. Therefore, the surface of APP/EP may be photothermally
converted into amorphous carbon first [31], whereas subsequent exposures to the laser
scribing may facilitate the conversion of the amorphous carbon into graphene (with four
passes being the optimal number). Figure 3 illustrates that the high temperature produced
by the laser scribing would destroy the C=0O and N—C bonds [33-35], which was confirmed
by the elemental decrease of oxygen and nitrogen in the LIG. Certain amounts of N, P, and
C atoms would most likely recombine and “recrystallize” into N- and P-doped graphene
under the release of gaseous products, such as HO, CO,, and N;O, [36]. The rather
rapid emission of gaseous products along the path of the laser scribing may explain the
generation of several layers of LIG and 3D porous structures.

= _J
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Figure 3. The growth mechanism of the LIG formed on the APP/EP.

3.4. The Application of a Fire-Protection Coating Based on the LIG Formed on the APP/EP

The high stability of the prepared LIG (the red line in Figure 2b) remained stable
above 700 °C. Thus, we prepared a layer of LIG on the surface of the APP/EP to be used
as a flame-protection coating, where the laser process was the same as in Section 3.2. The
LOI value and UL-94 vertical test was analyzed using Figure 2c. To further analyze the
flame-retardant behavior of the LIG/APP/EP coating, cone calorimeter tests were carried
out, the results of which are shown in Figure 4 and Figure S4, and Table 1.
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Figure 4. The results of the cone test. (a) Heat release rate (HRR), (b) total heat release (THR), and (c) total smoke production
(TSP) curves of the EP, APP/EP, and LIG/APP/EP. Digital photo images of the residual carbon from the cone tests of the (d)
EP, (e) APP/EP, and (f) LIG/APP/EP.

Table 1. Combustion data of the neat EP, the APP/EP, and the LIG/APP/EP.

Sample TTI PHRR THR TSP SPR
(s) (kW-m~2) (MJ-m~2) (m?) (m?-s~1)

LIG/APP/EP 57 374.1 14.9 4.26 0.16
LIG/APP/EP 53 286.2 19.9 4.85 0.10
APP/EP 25 812.1 28.1 5.65 0.18
APP/EP 27 955.9 24.5 5.45 0.17
EP 21 1292.6 60.2 16.43 0.27

EP 23 1667.9 62.2 17.66 0.33

TTI: time to ignition, PHRR: peak heat release rate, SPR: smoke production rate.

The results of the heat release rate (HRR), total heat release (THR), total smoke pro-
duction (TSP), and smoke production rate (SPR) tests are shown in Figure 4a—c and Figure
54, and Table 1. In order to validate the accuracy of the results, two tests were performed
for each sample. Pure EP exhibited high HRRs (measured twice) of ~#1292.6 kW-m~2 and
1667.9 kW-m~2, and THRs of ~ 60.2 mJ-m~2 and 62.2 mJ-m 2. The combustion of the EP
led to a considerable amount of smoke, where the TSPs were 16.43 m? and 17.66 m? and
the SPRs were 0.27 m?-s~! and 0.33 m?:s~!. By adding APP to the pure EP to form the
APP/EP composite, an effective improvement in the flame retardancy was achieved. This
was manifested in the values of the peak heat release rates (PHRRs) (812.1 kW-m~2 and
955.9 kW-m~2), THRs (28.1 MJ-m~2 and 24.5 MJ-m~2), TSPs (5.65 m? and 5.45 m?), and
SPRs (0.18 m?-s~! and 0.17 m?-s~1), which corresponded to reductions of ~ 37.2%, ~253.3%,
~ 65.6%, and ~=33.3%, respectively. After the laser scribing and adding an LIG layer to the
APP/EP composite, a further improvement of the flame retardancy was observed, which is
shown in Figure 4a—c and Table 1. Values of the PHRRs (374.1 kW-m~2 and 286.2 kW-m~2),
THRs (14.9 MJ-m~2 and 19.9 MJ-m~2), TSP (4.26 m? and 4.85 m?), and SPR (0.16 m?-s~!
and 0.10 m2~s’1) were determined, which corresponded to reductions of ~71.1%, ~ 75.2%,
~ 74.1%, and ~ 40.7% as compared to pure EP, respectively. The values for the time to
ignition (TTI) exhibited a dramatic increase compared to pure EP from 21 s and 23 s to 57 s
and 53 s, which would increase the burning time by up to ~ 34 s in a real fire hazard. Based
on these results, combined with the significant improvement in the LOI value (37%) and the
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V0 level of the UL-94 test, it can be concluded that the fabrication of the LIG coating layer
on the APP/EP composite led to notable synergistic enhancements in the flame-retardant
performance and smoke-suppressant property. Compared with traditional methods for
improving flame retardancy, the above results constituted a significant enhancement in the
flame-retardant behavior [37].

3.5. The Application of a Supercapacitor Electrode Based on the LIG Formed on the APP/EP

Through the XPS test (as shown in Figure 1), the prepared LIG contained four elements,
namely, C, N, O, and P, which shows that the LIG was doped with N and P. To further
verify this conclusion, we carried out peak analysis based on the XPS test, as well as an EDX
test. Applying the prepared LIG as the electrode material of the supercapacitors verified
the excellent electrochemical performance of the LIG.

The element identification and the states of the carbon, oxygen, nitrogen, and phospho-
rus were studied. The high-resolution images of the C 1s spectrum in Figure 5a displayed
four prominent peaks: C—C (~2284.6 eV), C-O (~285.5 eV), O=C-N (~286.7 eV), and O-C=0
(~2289.0 eV) [38]. As shown in Figure 1h, we note that there was a large amount of nitrogen
and phosphorus in the LIG films. The high-resolution spectrum of N 1s in Figure 5b shows
evidence of four typical N peaks, which were assigned to N-6, N-5, N-Q, and N-O, which
were from pyridinic (=398.5 eV), pyrrolic (=399.9 eV), graphitic (~401.2 eV) and oxidized
N (=2403.8 V) [39]. The chemical reaction of the decomposition of APP/EP during the laser
scribing was rather complicated, involving the generation of several reaction intermediates
and products. Therefore, it may be plausible that N atoms with different valence states
can be detected in the LIG. It is rather energy and time consuming to prepare graphitic
nitrogen through a hydrothermal method according to previous reports [40], while laser
scribing involving several passes could rapidly and efficiently lead to nitrogen-doped
porous graphene. Figure 5c also shows the high-resolution image of the P 2p XPS spectrum
of the LIG, which was collected to gain more detailed information about the phosphorus
doping. As illustrated in Figure 5¢c, two prominent peaks located at 130.1 eV and 132.0 eV
could be assigned to the P-C and P-O bonds, respectively [41]. This result indicates that the
phosphorus atoms were successfully doped into the LIG through laser scribing. Accordingly,
the obtained LIG material was a porous graphene material that was doped with both N
and P atoms.

The EDX maps indicated a uniform dispersion of C, N, P, and O elements in the
LIG. The mass loading obtained from the EDX analysis suggested a 6.38% N and 7.69% P
coverage on the LIG that was formed on the surface of the APP/EP composite. From these
results, combined with the XPS data (see Figure 5d-h), it can be confirmed that the LIG
was indeed made of graphene material that was co-doped with N and P. It was reported
previously that the electrochemical performance of N- or P-doped graphene is significantly
better than undoped graphene [38,41,42].

The LIG formed on the surface of the APP/EP by four passes of laser scribing was
used as the electrode material in a supercapacitor. The CV curves for the LIGina 3 M
electrolyte (KOH) at different current densities were tested using a three-electrode system
(Figure 5i). As illustrated in Figure 5i, the LIG electrodes that were fabricated using various
numbers of laser passes exhibited an approximately rectangular shape, which corresponds
to the ideal behavior of electric double-layer capacitors. At a scanning rate of 1 V-s~!,
no pseudocapacitive performance was indicated and no anodic and cathodic peaks are
shown in Figure 5i. Even when the scan rate rose to 10 V-s~!, the CV curves maintained
their pseudorectangular shape, which is indicative of high-power performance [43]. This
is clear evidence that LIG is a potential electrode material. This excellent capacitive
performance was confirmed via GCD curves at different current densities ranging from
0.025 to 0.6 A-g~! (Figure 5j). The specific capacitance (Csc) was calculated from the GCD
curves (Figure 5k), where the highest specific capacitance obtained was ~245.6 F-g~1.
This value was higher than that for the LIG with undoped hybrid atoms reported in
previous studies [24], and it was also higher than the values acquired in previous studies
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on GO-derived supercapacitors [44-47]. The high specific capacitance value of the LIG
supercapacitor encountered here may be ascribed to the hierarchical porous structure of the
highly conductive LIG coating on the EP surface. This structural feature had a high surface
area with plentiful wrinkles and provided facile access for the formation of Helmholtz
layers at the contact between the electrolyte and the LIG-APP/EP electrode. It is anticipated
that these findings validate this innovative approach here and may inspire scholars to
further investigate the mechanisms and explore the potential of other polymers.
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Figure 5. (a) C 1s XPS spectrum of the LIG obtained using laser scribing (LIG 4x). (b) N 1s XPS spectrum of the LIG
generated by four laser passes (LIG 4x). (c) P 2p XPS spectrum of the LIG prepared using four laser passes (LIG 4 x). (d)
SEM image of the LIG formed on the surface of APP/EP. The corresponding EDX results for C (e), O (f), P (g), and N (h).
(i) Cyclic voltammetry (CV) curves of the LIG/EP electrode at scan rates ranging from 1 to 10 V-s~!. (j) Galvanostatic
charge-discharge (GCD) curves of the LIG-EP electrode at various current densities ranging from 0.025 to 0.6 A-g~1. (k)

The specific capacitance (Csc) of the LIG/EP in the current density range from 0.025 to 0.6 A-g~ 1.

3.6. Application of the Temperature Sensor Based on the LIG Formed on the APP/EP

According to the above results and inspired by traditional carbon-material-based
sensors, we prepared several thin-film resistance-type sensors on the surface of the APP/EP
composites via laser scribing. Figure 6a illustrates the structure of the LIG-APP/EP sensors,
which could respond to the temperature changes of the LIG-APP/EP. The LIG-APP/EP
sensors were fabricated on top of the APP/EP matrix, followed by the LIG layers, a PDMS
film, PI tape, and copper foil electrodes. In addition, silver (Ag) paste was applied to
connect the LIG layers and copper foil electrodes. From the SEM image of the cross-section
of the LIG-APP/EP sensors in Figure 6b, it was concluded that the thickness of the LIG
conductive layer was ~ 60 pm. Furthermore, due to the porous structure of the LIG layer, it



Polymers 2021, 13, 984

12 0f 15

d Original LIG 1%

can be safely assumed that the low concentration liquid PDMS precursor (10 wt.%) would
easily penetrate the LIG layer and firmly combine with the APP/EP substrate. In addition,
PDMS is resistant to high temperatures, which implies that it may be used for prolonged
times at the maximum operating temperature of the LIG-APP/EP sensor of 200 °C.
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Figure 6. Performance and structure of the LIG sensors. (a) Structure of the LIG sensors. LIG and APP/EP were packaged

together with a solvent based on polydimethylsiloxane (PDMS). (b) SEM image illustrating the cross-section of the LIG

sensors. (c) The resistance—temperature curve between 20-120 °C. (d) Working mechanism of the LIG-APP/EP sensors for

temperature detection based on the shape memory of the EP composite. (e) Illustration of the water-resistant LIG-APP/EP

sensor for detecting changes in temperature.

As discussed above, the LIG layer on the APP/EP surface displayed good elec-
trochemical performance and high conductivity (the effective conductive layer was
a 4 mmx 20 mm rectangle), combined with good flame retardancy. The resistance
changing with the temperature allows for application of the device as a temperature
sensor. As illustrated in Figure 6¢ and Figure S5, the resistance-temperature curves
displayed a positive temperature coefficient (PTC) of resistance in the temperature
range of 20-120 °C [48]. Therefore, possible temperature changes in an electronic device
can be monitored via a change in the resistance of the LIG-APP/EP sensor to avoid
accidents caused by excessive temperature. In addition, the schematic diagram of the
resistance changes is shown in Figure 6d, where such changes would be caused by
high-temperature bending deformation of the LIG-APP/EP sensor and the shape mem-
ory effect of the EP matrix. When the LIG-APP/EP sensor was heated above the glass
transition temperature, the bending deformation reached a maximum bending value,
which remained fixed. Even by cooling to room temperature, the LIG-APP/EP sensor
maintained the deformed shape (as shown in Figure S6). The resistance of the LIG-
APP/EP sensor changed from the initial Ry =~ 37 Q) to no resistance after the sample had
been cooled down to room temperature in the bent state. As the sensor bent outward, the
LIG film sheets were isolated from each other and formed cracks; thus, the LIG thin layer
did not conduct electricity and the resistance did not exist. At room temperature, the
shape remained unchanged. By placing the deformed LIG-APP/EP sensor into a high-
temperature drying oven at ~180 °C, the LIG-APP/EP sensor gradually returned to its
original shape and the resistance gradually decreased (R; ~ 106 Q2) because the LIG film
sheets were isolated from each other. When it reached the state just before deformation,
the resistance was close to the Ry value (=35 (). This result may be explained by the
internal cross-linking of the APP/EP composite, which caused reversible softening and
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hardening changes. Therefore, the LIG-APP/EP sensor could also monitor the resistance
changes during the deformation. Figure 6e displays the application of the LIG-APP/EP
sensor in hot water. As mentioned above in the Section 2.4, the effective conductive layer
was a 13 mm X 13 mm square. The resistance of the original LIG-APP/EP sensor was
21.66 Q) at 15 °C, which increased to 30.02 (2 when the temperature increased to 80 °C.
The excellent temperature-sensing performance of the LIG layer fabricated on the
APP/EP surface may be attributed to the specific structure of the conductive LIG coating
and the shape memory effect of the APP/EP composite. The porous hierarchical LIG
sheets could respond to the temperature changes in the device. Furthermore, the laser-
scribing process allowed for tailoring the sensors to many different modes. This strategy
of integrating multiple sensors into one component allowed for monitoring the changes
in temperature and deformation. The LIG-APP/EP sensors were also fully functional in
a hot water environment, which indicates that the LIG sensor may be applied in different
environments, i.e., in air and hot water. When the deformed APP/EP is used in a practical
application, it can also monitor the temperature changes of electronic components through
the resistance change. It was confirmed beyond any doubt that the laser-scribing method on
EP composites has significant potential applications in various smart electronic components.

4. Conclusions

In this study, an intelligent fire-protection coating was fabricated on the surface of
an APP/EP composite using laser scribing under ambient air conditions. Highly flame-
retardant behavior and potential applications as temperature sensors in various environ-
ments were demonstrated. Direct laser scribing and multiple laser passes on the APP/EP
led to a photothermal effect and a high local temperature, which resulted in the depolymer-
ization of the APP/EP surface and the generation of graphene layers. The LIG formed on
the APP/EP had a porous hierarchical graphene surface structure. The LIG was fabricated
by applying a laser power of 5 W and a scribing speed of 10 mm-s~!. It was shown that
four scribing passes led to an optimal graphene structure and application performance.
The prepared thin graphene coatings (LIG) increased the TTI by about 36 s, and the PHRR,
THR, and TSP values all showed significant decreases of ~ 71.1%, ~ 75.2%, ~ 74.1%,
and ~ 40.7%, respectively, which demonstrated a massively improved flame retardancy.
Furthermore, we prepared a high electrochemical performance supercapacitor with LIG
electrodes, which added further functionality to the device. Furthermore, temperature
sensors were fabricated directly onto the LIG surface, displaying a metallic-type PTC effect.
The temperature sensors were applied in a hot water environment, showing that they
could monitor the temperature changes of electronic components in different conditions.
We foresee that the laser-scribing technology that was used for forming graphene on the
APP/EP surfaces may be applied to other polymers, which may lead to a quick and efficient
improvement in their flame-retardant performance and electrical properties.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
360/13/6/984/s1, Figure S1: DTG curves of ammonium polyphosphate and epoxy (APP/EP) and
EP, Figure S2: The residue carbon of different APP content in EP, Figure S3: Resistance of the laser-
induced graphene (LIG) samples (1 cm x 1 cm) that were prepared using different numbers of laser
passes, Figure S4: Smoke production rate (SPR) curves for EP, APP/EP, and LIG/APP/EP, Figure S5:
The schematic diagram of the LIG sensor test device, Figure S6: The schematic diagram of the LIG
sensor test device (Figure S5). The resistance of the LIG sensor according to the shape memory effect.

Author Contributions: W.Y. carried out the molecular lab work, participated in the data analysis,
carried out the sequence alignments, drafted the manuscript, and carried out the statistical analyses.
Y.L, JW,XL,N.L, and J.L. collected the data. The manuscript was written through the contributions
of all authors. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/2073-4360/13/6/984/s1
https://www.mdpi.com/2073-4360/13/6/984/s1

Polymers 2021, 13, 984 14 of 15

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Jiping Liu thanks the foundation for support. The authors wish to thank Yi
Zhang from the Department of Biology and Chemical Engineering, Shandong Vocational College
of Science and Technology, for his contribution to the collection of data. The authors would also
like to thank all the reviewers who participated in the review and MJEditor (www.mjeditor.com
(accessed on 22 January 2021)) for its linguistic assistance during the preparation of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Feng, X.; Fan, J.; Li, A; Li, G. Multireusable Thermoset with Anomalous Flame-triggered Shape Memory Effect. ACS Appl. Mater.
Interfaces 2019, 11, 16075-16086. [CrossRef] [PubMed]

Lin, B.; Yuen, A.C; Li, A;; Zhang, Y.; Chen, T.B,; Yu, B.; Lee, EW.; Peng, S.; Yang, W.; Lu, H.D,; et al. MXene/ chitosan Nanocoating
for Flexible Polyurethane Foam towards Remarkable Fire Hazards Reductions. J. Hazard. Mater. 2020, 381, 120952. [CrossRef]
[PubMed]

Zhou, K;; Liu, C.; Gao, R. Polyaniline: A Novel Bridge to Reduce the Fire Hazards of Epoxy Composites. Compos. Part A Appl. Sci.
Manuf. 2018, 112, 432-443. [CrossRef]

Zhu, ZM.; Wang, L.X,; Lin, X.B.; Dong, L.P. Synthesis of a Novel Phosphorus-nitrogen Flame Retardant and its Application in
Epoxy Resin. Polym. Degrad. Stab. 2019, 169, 108981. [CrossRef]

Huang, C.; Chen, X,; Yuan, B.; Zhang, H.; Dai, H.; He, S.; Zhang, Y.; Niu, Y.; Shen, S. Suppression of Wood Dust Explosion by
Ultrafine Magnesium Hydroxide. J. Hazard. Mater. 2019, 378, 120723. [CrossRef]

Huang, Y.; Zhou, T,; He, S.; Xiao, H; Dai, H.; Yuan, B.; Chen, X.; Yang, X. Flame-retardant Polyvinyl Alcohol/cellulose Nanofibers
Hybrid Carbon Aerogel by Freeze Drying with Ultra-low Phosphorus. Appl. Surf. Sci. 2019, 497, 143775. [CrossRef]

Huang, Y.; He, S.; Feng, M.; Dai, H.; Pan, Y.; Cheng, X. Organic Solvent-saving Preparation of Water Glass based Aerogel Granules
under Ambient Pressure Drying. J. Non-Cryst. Solids 2019, 521, 119507. [CrossRef]

Wang, D.; Feng, X.; Zhang, L.; Li, M.; Liu, M.; Tian, A.; Fu, S. Cyclotriphosphazene-bridged Periodic Mesoporous Organosilica-
integrated Cellulose Nanofiber Anisotropic Foam with Highly Flame-retardant and Thermally Insulating Properties. Chem. Eng.
J. 2019, 375, 121933. [CrossRef]

Chen, D.Q.; Wang, Y.Z.; Hu, X.P,; Wang, D.Y.; Qu, M.H.; Yang, B. Flame-retardant and Anti-dripping Effects of a Novel Char-
forming Flame Retardant for the Treatment of Poly (Ethylene Terephthalate) Fabrics. Polym. Degrad. Stab. 2005, 88, 349-356.
[CrossRef]

Xiao, Y.; Mu, X.; Wang, B.; Hu, W.; Wang, J.; Zhou, F; Ma, C.; Hu, Y.; Song, L. A Novel Phosphorous-containing Polymeric
Compatibilizer: Effective Reinforcement and Flame Retardancy in Glass Fiber Reinforced Polyamide 6 Composites. Compos. Part
B Eng. 2021, 205, 108536. [CrossRef]

Carja, I.D.; Serbezeanu, D.; Vlad-Bubulac, T.; Hamciuc, C.; Coroaba, A.; Lisa, G.; Lopez, C.G.; Soriano, M.E,; Pérez, V.F,; Sanchez,
M.D. A Straightforward, Eco-friendly and Cost-effective Approach towards Flame Retardant Epoxy Resins. J. Mater. Chem. A
2014, 2, 16230-16241. [CrossRef]

Zhang, L.; Wang, Q.; Jian, R.K.; Wang, D.Y. Bioinspired Iron-loaded Polydopamine Nanospheres as Green Flame Retardants for
Epoxy Resin via Free Radical Scavenging and Catalytic Charring. |. Mater. Chem. A 2020, 8, 2529-2538. [CrossRef]

Wang, TY.; Zhang, B.Y; Li, D.Y.; Hou, Y.C.; Zhang, G.X. A Single-Electron Tunneling Model: A Theoretical Analysis of a
Metal Nanoparticle-doped Epoxy Resin to Suppress Surface Charge Accumulation on Insulators Subjected to DC Voltages.
Nanotechnology 2020, 31, 475707. [CrossRef] [PubMed]

Zhang, Y.; Hasegawa, K.; Kamo, S.; Takagi, K.; Takahara, A. Adhesion Enhancement of Poly (Etheretherketone) via Surface-
initiated Photopolymerization of Glycidyl Methacrylate. Polymer 2020, 209, 122971. [CrossRef]

Hu, L.,; Pasta, M.; La Mantia, F.; Cui, L.; Jeong, S.; Deshazer, H.D.; Choi, ].W.; Han, S.M.; Cui, Y. Stretchable, Porous, and
Conductive Energy Textiles. Nano Lett. 2010, 10, 708-714. [CrossRef] [PubMed]

Liu, L.; Yu, Y,; Yan, C.; Li, K.; Zheng, Z. Wearable Energy-dense and Power-dense Supercapacitor Yarns Enabled by Scalable
Graphene-metallic Textile Composite Electrodes. Nat. Commun. 2015, 6, 7260. [CrossRef]

Ala, O.; Hu, B; Li, D.; Yang, C.L; Calvert, P; Fan, Q. Conductive Textiles via Vapor-phase Polymerization of 3,4-
Ethylenedioxythiophene. ACS Appl. Mater. Interfaces 2017, 9, 29038-29046. [CrossRef]

Lee, J.; Kwon, H.; Seo, J.; Shin, S.; Koo, ].H.; Pang, C.; Son, S.; Kim, J.H.; Jang, Y.H.; Kim, D.E,; et al. Conductive Fiber-based
Ultrasensitive Textile Pressure Sensor for Wearable Electronics. Adv. Mater. 2015, 27, 2433-2439. [CrossRef] [PubMed]

Jian, M.; Wang, C.; Wang, Q.; Wang, H.; Xia, K.; Yin, Z.; Zhang, M.; Liang, X.; Zhang, Y. Advanced Carbon Materials for Flexible
and Wearable Sensors. Sci. China Mater. 2017, 60, 1026-1062. [CrossRef]

Wang, H.; Wang, C.; Jian, M.; Wang, Q.; Xia, K,; Yin, Z.; Zhang, M.; Liang, X.; Zhang, Y. Superelastic Wire-shaped Supercapacitor
Sustaining 850% Tensile Strain based on Carbon Nanotube@Graphene Fiber. Nano Res. 2018, 11, 2347-2356. [CrossRef]


www.mjeditor.com
http://doi.org/10.1021/acsami.9b03092
http://www.ncbi.nlm.nih.gov/pubmed/30986343
http://doi.org/10.1016/j.jhazmat.2019.120952
http://www.ncbi.nlm.nih.gov/pubmed/31400715
http://doi.org/10.1016/j.compositesa.2018.06.031
http://doi.org/10.1016/j.polymdegradstab.2019.108981
http://doi.org/10.1016/j.jhazmat.2019.05.116
http://doi.org/10.1016/j.apsusc.2019.143775
http://doi.org/10.1016/j.jnoncrysol.2019.119507
http://doi.org/10.1016/j.cej.2019.121933
http://doi.org/10.1016/j.polymdegradstab.2004.11.010
http://doi.org/10.1016/j.compositesb.2020.108536
http://doi.org/10.1039/C4TA03197K
http://doi.org/10.1039/C9TA11021F
http://doi.org/10.1088/1361-6528/abafd9
http://www.ncbi.nlm.nih.gov/pubmed/32885793
http://doi.org/10.1016/j.polymer.2020.122971
http://doi.org/10.1021/nl903949m
http://www.ncbi.nlm.nih.gov/pubmed/20050691
http://doi.org/10.1038/ncomms8260
http://doi.org/10.1021/acsami.7b06771
http://doi.org/10.1002/adma.201500009
http://www.ncbi.nlm.nih.gov/pubmed/25692572
http://doi.org/10.1007/s40843-017-9077-x
http://doi.org/10.1007/s12274-017-1782-1

Polymers 2021, 13, 984 15 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Lee, C.; Wei, X.; Kysar, ].W.; Hone, ]. Measurement of the Elastic Properties and Intrinsic Strength of Monolayer Graphene. Science
2008, 321, 385-388. [CrossRef] [PubMed]

Javed, K.; Galib, C.M.; Yang, F.; Chen, C.M.; Wang, C. A New Approach to Fabricate Graphene Electro-conductive Networks on
Natural Fibers by Ultraviolet Curing Method. Synth. Met. 2014, 193, 41-47. [CrossRef]

Liu, WW.; Yan, X.B.; Lang, ] W.; Peng, C.; Xue, Q.]. Flexible and Conductive Nanocomposite Electrode based on Graphene Sheets
and Cotton Cloth for Supercapacitor. J. Mater. Chem. 2012, 22, 17245-17253. [CrossRef]

Lin, J.; Peng, Z.W.,; Liu, Y.; Ruiz-Zepeda, F.; Ye, R.Q.; Samuel, E.L.G.; Yacaman, M.].; Yakobson, B.I,; Tour, ].M. Laser-Induced
Porous Graphene Films from Commercial Polymers. Nat. Commun. 2014, 5, 5714. [CrossRef] [PubMed]

Singh, S.P; Li, Y.; Zhang, J.; Tour, ].M.; Arnusch, C.J. Sulfur-doped Laser-induced Porous Graphene Derived from Polysulfone-class
Polymers and Membranes. ACS Nano 2018, 12, 289-297. [CrossRef]

Yang, W.; Zhao, W.; Li, Q.; Li, H.; Wang, Y.; Li, Y.; Wang, G. Fabrication of Smart Components by 3D Printing and Laser-scribing
Technologies. ACS Appl. Mater. Interfaces 2019, 12, 3928-3935. [CrossRef] [PubMed]

Zhang, Z.; Song, M.; Hao, J.; Wu, K,; Li, C.; Hu, C. Visible Light Laser-Induced Graphene from Phenolic Resin: A New Approach
for Directly Writing Graphene-Based Electrochemical Devices on Various Substrates. Carbon 2018, 127, 287-296. [CrossRef]
Cangado, L.G.; Takai, K.; Enoki, T.; Endo, M.; Kim, Y.A.; Mizusaki, H.; Jorio, A.; Coelho, L.N.; Magalhaes-Paniago, R.; Pimenta,
M.A. General Equation for the Determination of the Crystallite Size L a of Nanographite by Raman Spectroscopy. Appl. Phys. Lett.
2006, 88, 163106. [CrossRef]

Ferrari, A.C.; Meyer, ].C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, E; Piscanec, S.; Jiang, D.; Novoselov, K.S.; Roth, S.; et al.
Raman Spectrum of Graphene and Graphene Layers. Phys. Rev. Lett. 2006, 97, 187401. [CrossRef]

Malard, L.M.; Pimenta, M. A ; Dresselhaus, G.; Dresselhaus, M.S. Raman Spectroscopy in Graphene. Phys. Rep. 2009, 473, 51-87.
[CrossRef]

Chyan, Y.; Ye, R.; Li, Y.; Singh, S.P.; Arnusch, C.J.; Tour, ].M. Laser-induced Graphene by Multiple Lasing: Toward Electronics on
Cloth, Paper, and Food. ACS Nano 2018, 12, 2176-2183. [CrossRef] [PubMed]

Gu, JW,; Zhang, G.C.; Dong, S.L.; Zhang, Q.Y.; Kong, J. Study on Preparation and Fire-retardant Mechanism Analysis of
Intumescent Flame-retardant Coatings. Surf. Coat. Technol. 2007, 201, 7835-7841. [CrossRef]

Zang, X.; Shen, C.; Chu, Y;; Li, B.; Wei, M.; Zhong, ]J.; Sanghadasa, M.; Lin, L. Laser-induced Molybdenum Carbide-graphene
Composites for 3D Foldable Paper Electronics. Adv. Mater. 2018, 30, 1800062. [CrossRef] [PubMed]

Hawes, ].F; Yilara, D.; Noremberg, B.S.; Pope, M.A. Supercapacitors Fabricated via Laser-Induced Carbonization of Biomass-
Derived Poly(furfuryl alcohol) /Graphene Oxide Composites. ACS Appl. Nano. Mater. 2019, 2, 6312-6324. [CrossRef]

Schmidt, H.; Ihlemann, J.; Wolff-Rottke, B.; Luther, K.; Troe, J. Ultraviolet Laser Ablation of Polymers: Spot Size, Pulse Duration,
and Plume Attenuation Effects Explained. J. Appl. Phys 1998, 83, 5458-5468. [CrossRef]

Wang, H.; Wang, H.; Wang, Y.; Su, X.;; Wang, C.; Zhang, M.; Jian, M.; Xia, K,; Liang, X.; Lu, H.; et al. Laser Writing of Janus
Graphene/Kevlar Textile for Intelligent Protective Clothing. ACS Nano 2020, 14, 3219-3226. [CrossRef]

Price, E.J.; Covello, J.; Tuchler, A.; Wnek, G.E. Intumescent, Epoxy-Based Flame-Retardant Coatings Based on Poly (Acrylic Acid)
Compositions. ACS Appl. Mater. Interfaces 2020, 12, 18997-19005. [CrossRef]

Sheng, L.; Jiang, H.; Liu, S.; Chen, M.; Wei, T.; Fan, Z. Nitrogen-doped Carbon-coated MnO Nanoparticles Anchored on
Interconnected Graphene Ribbons for High-performance Lithium-ion Batteries. ]. Power Sources 2018, 397, 325-333. [CrossRef]
Wang, E; Dong, X.; Wang, K.; Duan, W.; Gao, M.; Zhai, Z.; Zhu, C.; Wang, W. Laser-induced Nitrogen-doped Hierarchically
Porous Graphene for Advanced Electrochemical Energy Storage. Carbon 2019, 150, 396—407. [CrossRef]

Sun, L.; Wang, L.; Tian, C.; Tan, T.; Xie, Y.; Shi, K.; Li, M.; Fu, H. Nitrogen-doped Graphene with High Nitrogen Level via a
One-step Hydrothermal Reaction of Graphene Oxide with Urea for Superior Capacitive Energy Storage. RSC Adv. 2012, 2,
4498-4506. [CrossRef]

Zhang, C.; Mahmood, N.; Yin, H.; Liu, F,; Hou, Y. Synthesis of Phosphorus-doped Graphene and its Multifunctional Applications
for Oxygen Reduction Reaction and Lithium Ion Batteries. Adv. Mater. 2013, 25, 4932—4937. [CrossRef]

Zhuang, M.; Ou, X,; Dou, Y.; Zhang, L.; Zhang, Q.; Wu, R.; Ding, Y.; Shao, M.; Luo, Z. Polymer-embedded Fabrication of Co,P
Nanoparticles Encapsulated in N,P-doped Graphene for Hydrogen Generation. Nano Lett. 2016, 16, 4691-4698. [CrossRef]
[PubMed]

Pivovarov, P.A ; Frolov, V.D.; Zavedeev, E.V.; Konov, Vi. Laser-induced modification of graphene in the presence of ethanol at the
graphene - substrate interface. Quantum Electron. 2017, 47, 1017-1022. [CrossRef]

El-Kady, M.E; Strong, V.; Dubin, S.; Kaner, R.B. Laser Scribing of High-performance and Flexible Graphene-based Electrochemical
Capacitors. Science 2012, 335, 1326-1330. [CrossRef] [PubMed]

Beidaghi, M.; Wang, C. Micro-supercapacitors based on Interdigital Electrodes of Reduced Graphene Oxide and Carbon Nanotube
Composites with Ultrahigh Power Handling Performance. Adv. Funct. Mater. 2012, 22, 4501-4510. [CrossRef]

Huang, L.; Li, C.; Shi, G. High-performance and Flexible Electrochemical Capacitors based on Graphene/Polymer Composite
Films. J. Mater. Chem. A 2014, 2, 968-974. [CrossRef]

Wu, Z.S; Parvez, K.; Feng, X.; Miillen, K. Graphene-based In-plane Micro-supercapacitors with High Power and Energy Densities.
Nat. Commun. 2013, 4, 2487. [CrossRef]

Wang, Y.; Yang, J.; Zhou, S.; Zhang, W.; Chuan, R. Electrical Properties of Graphene Nanoplatelets/Ultra-high Molecular Weight
Polyethylene Composites. J. Mater. Sci. Mater. Electron. 2018, 29, 91-96. [CrossRef]


http://doi.org/10.1126/science.1157996
http://www.ncbi.nlm.nih.gov/pubmed/18635798
http://doi.org/10.1016/j.synthmet.2014.03.028
http://doi.org/10.1039/c2jm32659k
http://doi.org/10.1038/ncomms6714
http://www.ncbi.nlm.nih.gov/pubmed/25493446
http://doi.org/10.1021/acsnano.7b06263
http://doi.org/10.1021/acsami.9b17467
http://www.ncbi.nlm.nih.gov/pubmed/31888330
http://doi.org/10.1016/j.carbon.2017.11.014
http://doi.org/10.1063/1.2196057
http://doi.org/10.1103/PhysRevLett.97.187401
http://doi.org/10.1016/j.physrep.2009.02.003
http://doi.org/10.1021/acsnano.7b08539
http://www.ncbi.nlm.nih.gov/pubmed/29436816
http://doi.org/10.1016/j.surfcoat.2007.03.020
http://doi.org/10.1002/adma.201800062
http://www.ncbi.nlm.nih.gov/pubmed/29761564
http://doi.org/10.1021/acsanm.9b01284
http://doi.org/10.1063/1.367377
http://doi.org/10.1021/acsnano.9b08638
http://doi.org/10.1021/acsami.0c00567
http://doi.org/10.1016/j.jpowsour.2018.07.021
http://doi.org/10.1016/j.carbon.2019.05.037
http://doi.org/10.1039/c2ra01367c
http://doi.org/10.1002/adma.201301870
http://doi.org/10.1021/acs.nanolett.6b02203
http://www.ncbi.nlm.nih.gov/pubmed/27267432
http://doi.org/10.1070/QEL16491
http://doi.org/10.1126/science.1216744
http://www.ncbi.nlm.nih.gov/pubmed/22422977
http://doi.org/10.1002/adfm.201201292
http://doi.org/10.1039/C3TA14511E
http://doi.org/10.1038/ncomms3487
http://doi.org/10.1007/s10854-017-7892-4

	Introduction 
	Materials and Methods 
	Preparation of LIG via Laser Scribing on APP/EP 
	Characterization of the LIG Formed on the APP/EP 
	Fabrication of a Supercapacitor Electrode and the Electrochemical Test 
	Fabrication of the LIG-APP/EP Sensors 
	Characterization of the LIG-APP/EP Sensor 

	Results 
	Surface Morphology and the Structure Characterization 
	Influence of the Flame-Retardant Performance and Laser Process Parameters on the LIG Formed on the APP/EP Composite 
	The Growth Mechanism of the LIG Formed on the APP/EP 
	The Application of a Fire-Protection Coating Based on the LIG Formed on the APP/EP 
	The Application of a Supercapacitor Electrode Based on the LIG Formed on the APP/EP 
	Application of the Temperature Sensor Based on the LIG Formed on the APP/EP 

	Conclusions 
	References

