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Polyurethane foam (PUF) is the most widely used polymeric foam due to its excellent thermal insulation
properties, low cost, and low density. However, its applications are limited by fire performance concerns
and associated safety issues. This study describes the synthesis of a novel flame retardant and an

environmentally friendly coating method aimed at enhancing the fire safety and mechanical integrity of

PUF using a water-based polyethyleneimine (PEI) binder. A phosphorus/silicon-containing functionalized
graphene oxide (FGO) was successfully synthesized by grafting graphene oxide (GO) with 9,10-dihydro-
9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and 3-glycidoxypropyltrimethoxysilane (GPTMS). The
chemical structure of FGO was confirmed by XPS, FTIR, and Raman spectroscopy. FGO and GO were

subsequently coated onto PUF surfaces via a layer-by-layer assembly method. Combustion tests of the
PUF/FGO (5 wt%) revealed a Limiting Oxygen Index (LOI) of 34.2% and a V-0 rating in the UL-94 test.
Furthermore, real-time TGA-FTIR analysis demonstrated a 46% reduction in CO, evolution and a high
char residue of 52%, indicating significant suppression of volatile fuel and smoke hazards. This fire
protection is attributed to the formation of a dense phosphosilicate protective layer, which provides
a robust barrier effect in both gas and condensed phases. Additionally, the coating treatment remarkably
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enhanced the mechanical performance of the foam. The compressive strength of PUF/FGO increased by

152% (1.34 MPa) compared to pristine PUF, as the FGO effectively infiltrated structural defects and
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1 Introduction

Various materials have been used in the construction of walls
and ceilings in buildings. Among them, polyurethane foam
(PUF) has attracted considerable attention due to its advanta-
geous properties, including low density, low thermal conduc-
tivity, low moisture permeability, and low water absorption.*
These characteristics make PUF widely used in construction
and industrial applications. However, PUF is highly flammable
and can ignite rapidly, leading to continuous dripping, fast
flame spread, the release of toxic gases, and significant heat
generation during combustion.*® These hazards greatly
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reinforced the cellular framework. Consequently, FGO demonstrates superior efficacy over GO in
providing a multifunctional solution for high-performance, fire-safe PUF.

increase fire risk, posing serious threats to both life and prop-
erty. Consequently, the inherent flammability of PUF remains
a major limitation for its practical applications. Therefore,
improving the fire resistance of PUF is of critical importance for
its safe use in building and construction materials.

Graphene, a two-dimensional nanomaterial widely regarded
as one of the “wonder materials” of the 21°% century, has
attracted considerable research interest due to its exceptional
physicochemical properties. These remarkable characteristics
enable its utilization in diverse applications, including solar
cells, electronics, sensors, biomedical technologies, and
composite materials.** Among graphene-based materials,
graphene oxide (GO) has been extensively studied because its
oxygen-containing functional groups—such as epoxy, hydroxyl,
and carboxyl groups located on the basal plane and edges of the
graphene sheets—improve its dispersibility and enable further
chemical functionalization.™ GO can enhance the flame
retardancy of polymers through several mechanisms, including
the formation of a continuous and dense char layer during
thermal decomposition and its large specific surface area,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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which contributes to an effective physical barrier that restricts
heat transfer and the diffusion of combustible gases and
oxygen.'”® However, GO still faces several challenges in the
development of graphene-based flame retardants. Its poor
dispersion in polymer matrices and strong tendency to
agglomerate, caused by m-m interactions and van der Waals
forces, limit its effectiveness when used as a standalone flame
retardant. Moreover, GO alone generally exhibits insufficient
flame-retardant efficiency, making it difficult to achieve the
desired level of fire resistance without further modification or
combination with other flame-retardant components.”>' These
limitations can be addressed by grafting additional flame-
retardant species onto the surface of GO, as GO possesses
abundant reactive oxygen-containing functional groups that
provide active sites for chemical grafting, enabling the incor-
poration of additional flame retardants and thereby enhancing
their overall effectiveness.

9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO) is an important phosphorus-based flame retardant due
to its excellent environmental compatibility, high thermal
stability, and outstanding flame-retardant performance.**>
DOPO can function as a flame retardant in both the gas and
condensed phases.””*® The molecular structure of DOPO
contains a reactive P-H bond, which can participate in addition
reactions with various functional groups, such as epoxides.
However, grafting DOPO directly onto the surface of GO
remains challenging because of the limited chemical reactivity
between the functional groups of DOPO and those present on
the GO surface, leading to low covalent-bonding efficiency. To
address this issue, several studies have explored strategies to
bridge DOPO with other components through intermediate
coupling structures. For example, Liu et al. successfully grafted
DOPO onto magnesium hydroxide using a vinyl silane coupling
agent (MH-WD70-DOPO) and subsequently incorporated it into
ethylene-vinyl acetate copolymer (EVA).>® Wu et al. developed
epoxy hybrid resins by curing bisphenol A-type epoxy and 4,4’
diaminodiphenylmethane through a sol-gel reaction using
phosphorus-containing trimethoxysilane (DOPO-GPTMS).* In
addition, Chernyy et al. prepared flame-retardant materials via
hydrolysis and condensation reactions involving tetra-
ethoxysilane (TEOS) and a DOPO-based silane derivative
(DOPO-VTS).*!

3-Glycidoxypropyltrimethoxysilane (GPTMS) is a bifunc-
tional silane coupling agent containing both epoxy and Si-O
functional groups.* Owing to this dual functionality, GPTMS
can potentially act as a molecular bridge to link DOPO with GO.
In principle, the epoxy groups of GPTMS can react with the
reactive P-H bond of DOPO,* while the Si-O groups may
interact with the oxygen-containing functional groups on the
GO surface to form Si-O-C linkages.** In addition, the silicon
atoms present in the silane structure may further contribute to
flame retardancy in polymer systems. Although the synthesis of
DOPO-silane compounds has been widely explored for flame-
retardant applications, the use of GPTMS as molecular
bridges to covalently graft DOPO onto GO for flame-retardant
coatings has been rarely reported.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Two common strategies have been developed to reduce the
flammability of polymers. One approach involves incorporating
flame retardants into polymer matrices, which has been widely
used to enhance the flame resistance of polymer materials.
However, a relatively large amount of flame retardants is often
required to achieve the desired level of flame resistance, which
may adversely affect the mechanical properties of polymers,
such as tensile and flexural strength.* Another strategy involves
applying flame-retardant coatings onto the surface of polymers,
providing an alternative approach to improving flame retard-
ancy. Among these techniques, the Layer-by-Layer (LbL) self-
assembly method has attracted considerable attention due to
its unique advantages. Flame-retardant multilayer films con-
structed by LbL assembly can effectively inhibit combustionby
forming a protective barrier between the outer environment and
the polymer substrate.*” In addition, the LbL assembly process
is typically carried out under mild experimental conditions,
such as room temperature, atmospheric pressure, and low
concentrations of building blocks.*® Owing to these advantages,
the LbL assembly method is considered an efficient and cost-
effective strategy for fabricating flame-retardant coatings.*”

Polyethyleneimine (PEI) is a synthetic cationic polymer that
can exist in either linear or branched structures and contains
primary, secondary, and tertiary amino groups. Owing to its
high-water solubility and high nitrogen content, PEI has
attracted considerable interest in various applications.*®*®
Depending on the pH of the solution, some of the amino groups
can be protonated to form ammonium ions, which impart
a strong cationic character to the polymer. As a result, PEI has
been widely used in fields such as flame retardancy, water
treatment, carbon dioxide capture, and cosmetics.?”

PEI is frequently employed as a binder or polyelectrolyte in
LbL assembly systems for constructing flame-retardant coat-
ings. Several studies have reported the fabrication of flame-
retardant multilayer coatings on flexible polyurethane foam
(FPUF) using PEI-based LbL assembly. For instance, Pan et al.
deposited graphene-based multilayer films on FPUF through
alternate immersion in sodium alginate/GO suspensions and
PEI solution.” In another study, graphene oxide and amino-
terminated silica nanospheres were assembled into hybrid
flame-retardant coatings via the LbL technique.** Similarly, Shi
et al. constructed multilayer coatings composed of PEI, GO, and
synthetic melanin nanoparticles on PUF.* Other studies have
also reported PEI-based LbL coatings incorporating PDA-rGO,
phytic acid, alginate, and sepiolite to enhance the flame
retardancy of FPUF.***

Based on the above concept, the main objective of this study
was to synthesize a novel phosphorus-silicon-containing
graphene-based flame retardant, hereafter referred to as func-
tionalized graphene oxide (FGO), by covalently grafting GO with
a DOPO-GPTMS adduct. The synthesized FGO was subsequently
deposited onto polyurethane foam (PUF) using an environ-
mentally friendly LbL assembly technique. In this process, PEI
was employed as a binder to construct multilayer coatings. The
entire coating procedure was carried out in an aqueous system
using deionized water as the sole solvent at room temperature,
providing a simple, green, and highly controllable strategy for
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fabricating flame-retardant coatings. This LbL approach
enables efficient deposition of functionalized graphene oxide
while achieving significant improvement in fire resistance with
only a limited number of coating layers. The chemical structure
of the synthesized FGO, together with the thermal degradation
behavior and fire performance of the coated PUF samples, was
systematically investigated.

2 Experimental
2.1 Raw materials

Graphite powder was purchased from Sigma-Aldrich Co., Ltd.
9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO)
was obtained from Tokyo Chemical Industry Co., Ltd. 3-
Glycidoxypropyltrimethoxysilane (GPTMS) was supplied by
Thermo Fisher Scientific Inc. Sodium nitrate (NaNOj3), potas-
sium permanganate (KMnO,), and sulfuric acid (H,SO,4, 98%)
were purchased from QReC Chemical Co., Ltd. Hydrogen
peroxide (H,O,, 30 vol%) was provided by Samchun Pure
Chemical Co., Ltd. Chloroform was supplied by RCL Labscan
Limited. Polyethyleneimine (PEI, M,, = 60 000 g mol ", 50 wt%
aqueous solution) was purchased from Acros Organics, Thermo
Fisher Scientific Inc. Polyurethane foam (PUF) was supplied by
Bangkok Panel & Pipe Insulation Co., Ltd. All solutions were
prepared using deionized (DI) water.

2.2 Preparation of FGO

GO was prepared using a modified Hummers' method.***” To
synthesize functionalized graphene oxide (FGO), a DOPO-
GPTMS adduct was first prepared by adding 5.4 g of DOPO and
2.2 g of GPTMS into a three-necked flask containing 60 mL of
chloroform. The mixture was vigorously stirred at 60 °C for 24 h
to allow the reaction between DOPO and GPTMS to occur. After
the reaction, the solvent was partially evaporated to reduce the
volume to approximately 10 mL, yielding a concentrated DOPO-
GPTMS solution. Separately, a GO dispersion was prepared by
adding 2 g of GO into a mixed solvent consisting of 60 mL of
deionized (DI) water and 240 mL of ethanol, followed by soni-
cation for 1 h to obtain a homogeneous suspension. The
prepared DOPO-GPTMS solution was then added to the GO
dispersion, and the mixture was stirred at 80 °C for 24 h to allow
the grafting reaction to occur. Finally, the resulting product was
freeze-dried for 24 h to obtain the functionalized graphene
oxide (FGO).

2.3 Preparation of coating dispersions

The flame-retardant dispersion was prepared by first dissolving
polyethyleneimine (PEI) in deionized (DI) water to obtain
a 0.7 wt% solution, which was stirred for 2 h at room temper-
ature (RT). Subsequently, GO or FGO was added to the PEI
solution at a concentration of 5 wt%. The resulting mixture was
ultrasonicated for 1 h to obtain a homogeneous PEI/GO or PEI/
FGO dispersion.
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2.4 Preparation of coated samples

PUF samples were coated with flame-retardant dispersions to
improve their fire resistance. Two coating systems were
prepared for comparison: a PEI/GO dispersion and a PEI/FGO
dispersion, as illustrated in Fig. 1. These two systems were
designed to evaluate the effect of graphene oxide functionali-
zation on the flame-retardant performance of PUF. The coatings
were applied using a layer-by-layer (LbL) assembly process
consisting of two deposition cycles. In each cycle, the PUF
samples were immersed in the designated dispersion, dried at
70 °C for 4 h, and then cooled to room temperature (RT). The
coating procedure was repeated once more to complete the
second cycle, followed by a final drying step at 70 °C for 6 h.
Using this method, three types of samples were obtained: PUF
(uncoated control), PUF/GO (PUF coated with a 5 wt% GO
dispersion), and PUF/FGO (PUF coated with a 5 wt% FGO
dispersion).

2.5 Characterizations

The chemical interactions between DOPO, silane, and the GO
surface were analyzed using Fourier-transform infrared spec-
troscopy (FTIR). Spectra were collected over the range of 600-
4000 cm™'. The spectra were recorded using a PerkinElmer
Spectrum FTIR spectrometer in transmission mode with KBr
pellets, at a resolution of 4 cm ™" with 32 scans. To analyze the
gas composition of the thermal decomposition process, a ther-
mogravimetric-infrared instrument (TGA; Mettler-Toledo, TGA/
DSC 3+ and FT-IR; Bruker, INVENIO® S) was employed. The
powder samples were heated from 35 °C to 700 °C at a heating
rate of 10 °C min ' under a nitrogen atmosphere. X-ray
photoelectron spectroscopy (XPS) was performed using a PHI
VersaProbe 4 spectrometer equipped with Al Ko radiation
(1486.6 V) to analyze the elemental composition and chemical
states of GO and FGO. Sample preparation for XPS analysis was
similar to that used for SEM. The samples were mounted on
a sample holder using a carbon tape to ensure stable posi-
tioning in the XPS chamber. Prior to analysis, the samples were
evacuated. X-ray diffraction (XRD) was used to determine the
interlayer spacing of the GO sheets before and after function-
alization using a Bruker D8 Advance X-ray diffractometer. The
XRD patterns were recorded using Cu Ko radiation (1 = 1.54 A)
as the X-ray source. The diffraction angle (26) was scanned from
5° to 50° at a scanning rate of 20° min". The synthesized FGO
was further characterized by Raman spectroscopy using
a HORIBA XploRA™ PLUS micro-Raman spectrometer equip-
ped with a 532 nm laser excitation source. The morphologies of
GO, FGO, and the resulting char residues were examined using
scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDS) (JEOL JMS-6400LV).

Thermogravimetric analysis (TGA) was performed using
a METTLER TOLEDO TGA/DSC 3+ thermogravimetric analyzer.
The samples were heated from room temperature to 800 °C at
a heating rate of 10 °C min~" under both air and nitrogen
atmospheres.

The flame retardancy of the samples was evaluated using the
UL-94 vertical burning test (ASTM D3801-19) with an ATLAS

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the layer-by-layer assembly of PEl/flame-retardant coatings on the PUF surface.

HVUL-2 instrument. The limiting oxygen index (LOI) was
measured using a Stanton Redcroft oxygen index instrument
(Model PL) in accordance with ASTM D2863-06A. The specimen
dimensions used for the LOI test were 110 x 6.5 x 3 mm®.

The compressive strength of the samples (10 x 10 x 7 mm?®)
was measured using an electromechanical universal testing
machine (Tinius Olsen, 5ST) in accordance with ISO 1798 : 2008,
at a compression rate of 5 mm min~". The compressive strength
was defined as the compressive stress at 80% strain. The re-
ported values represent the average of five specimens.

3 Results and discussion
3.1 Characterizations of GO/FGO structure

The FTIR spectra of GO and FGO are shown in Fig. 2. The
absorption peak at 1730 cm™* in the GO spectrum is attributed
to the C=0 stretching vibrations of carboxyl and carbonyl
groups.” The sharp signal observed in the 1600-1650 ¢cm ™
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Fig. 2 FTIR spectra of GO and FGO.

© 2026 The Author(s). Published by the Royal Society of Chemistry

region is attributed to the skeletal vibration of sp> C=C bonds
in the graphitic domains of graphene oxide.”®*° The strong peak
at 3420 cm ™' is due to the stretching vibrations of the O-H
stretching vibration, indicating the presence of abundant
hydroxyl groups on the GO surface.”

After functionalization, several changes can be observed in
the spectrum of FGO, indicating the successful modification of
GO with the DOPO-GPTMS adduct. In particular, a new
absorption peak at 754 cm™' appears in the FGO spectrum,
which can be attributed to the P-C stretching vibration, con-
firming the incorporation of DOPO into the GO structure
through the reaction between the P-H groups of DOPO and the
epoxy groups of GPTMS.?® Moreover, the intensity of the O-H
stretching band at 3420 cm ™" decreases in the FGO spectrum
compared with that of GO, suggesting that part of the hydroxyl
groups on GO participated in the grafting reaction with GPTMS.
These spectral changes provide evidence for the successful
functionalization of GO with the DOPO-GPTMS adduct.
Furthermore, the absorption band at 1058 cm ™", attributed to
C-0 stretching vibrations of oxygen-containing groups in GO,
such as epoxy groups, shifts to approximately 1120 cm ™" after
functionalization. This shift can be attributed to the hydrolysis
and condensation reactions of GPTMS, where hydrolyzed silane
groups react with oxygen-containing groups on the GO surface
to form Si-O-C linkages, along with possible Si-O-Si bonds
resulting from silanol self-condensation.”® These results
support the successful grafting of GPTMS onto the surface of
GO sheets.

The chemical composition and bonding states of GO and its
functionalized product were analyzed using X-ray photoelectron
spectroscopy (XPS). The XPS survey spectra of GO and FGO are
presented in Fig. 3a. The high-resolution C 1s spectrum (Fig. 3b)
can be deconvoluted into three main components. The peak at
285.01 eV corresponds to C-C bonds, while the peak at
287.03 eV is attributed to C-O-C bonds. The peak observed at
288.56 €V is assigned to O-C=0 groups, indicating the pres-
ence of oxygen-containing functional groups on the GO

RSC Adv, 2026, 16, 14070-14082 | 14073
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Fig. 3 XPS spectra of GO and FGO. (a) Wide scan survey spectra, (b) XPS C 1s spectrum of GO, (c) XPS O 1s of GO, (d) XPS C 1s of FGO, (e) XPS O

1s of FGO, (f) XPS Si 2p of FGO, and (g) XPS P 2s of FGO.

surface.”** The high-resolution O 1s spectrum of GO, shown in
Fig. 3c, can be fitted into three components located at 531.40,
532.87, and 534.24 eV, which are assigned to C=0 (carbonyl),
C-O (epoxy or hydroxyl), and O-H groups, respectively.”>** The
high-resolution C 1s spectrum of FGO, shown in Fig. 3d, reveals
notable changes compared with that of GO. The intensities of
the C-O-C (286.60 eV) and O-C=0 (288.11 eV) peaks decrease
significantly, indicating that some oxygen-containing func-
tional groups on GO participated in the reaction during the
functionalization process.*>** Meanwhile, the O 1s spectrum of
FGO (Fig. 3e) can be deconvoluted into three components
located at 530.84, 532.65, and 533.78 eV, which are assigned to
0=C(, Si-O-Si, and C-O-C bonds, respectively.>*** The appear-
ance of the Si-O-Si peak further confirms the successful graft-
ing of GPTMS onto the GO sheets. Additionally, the Si 2p
spectrum of FGO (Fig. 3f) can be deconvoluted into two peaks at
102.34 eV and 103.10 eV, corresponding to Si-O-Si and Si-O-C
bonds, respectively.”®** Furthermore, the P 2p spectrum
(Fig. 3g) exhibits two distinct peaks at 133.58 eV and 134.40 eV,
which are assigned to C-O-P and O-P bonds, respectively.>***
These results confirm the successful introduction of the DOPO

14074 | RSC Adv, 2026, 16, 14070-14082

moiety and suggest the formation of covalent linkages between
GO and the DOPO-GPTMS adduct.

X-ray diffraction (XRD) was used to investigate the changes
in the interlayer spacing of GO and FGO. The interlayer spacing
(d) was calculated using Bragg's equation, which states that ni
= 2d sin § (where A = 0.154 nm and 6 the measured diffraction
angle). As shown in Fig. 4, GO exhibits a characteristic diffrac-
tion peak at 26 = 10.76°, corresponding to an interlayer spacing
of 0.82 nm. This value is significantly larger than that of
graphite (26 = 26.51°, d = 0.37 nm) due to the presence of
oxygen-containing functional groups and intercalated mole-
cules between the GO layers.® After functionalization, the
characteristic GO diffraction peak nearly disappears, and
a broad diffraction feature appears around 26 = 26.5°, which is
close to the diffraction peak of graphite.** This change indicates
the partial removal of oxygen-containing groups and the partial
restacking of graphene layers during the functionalization
process. The appearance of this broad peak, together with the
disappearance of the GO peak, suggests that the DOPO-silane
layer was successfully grafted onto the GO surface, altering the
stacking structure of the graphene sheets.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The Raman spectra of GO and FGO are shown in Fig. 5. Two
prominent peaks are observed in the Raman spectrum of GO:
the D band at 1348 cm ™" and the G band at 1573 cm™*. The D
band is associated with structural defects and the reduction of
the in-plane sp> domain size, while the G band corresponds to
the in-plane vibration of sp>-bonded carbon atoms in the gra-
phene lattice.®*** The degree of disorder and the number of
defect sites in graphene-based materials can be evaluated using
the intensity ratio of the D band to the G band (Ip/Is), where
a higher ratio indicates a higher level of defects.’* As shown in
Fig. 5, the Ip/I; ratio increases from 0.89 for GO to 1.26 for FGO
after functionalization with the silane cross-linker. This
increase suggests the introduction of additional defect sites and
the partial conversion of sp> carbon to sp® carbon, resulting
from the covalent grafting of the DOPO-GPTMS adduct onto the
GO surface. These results provide further evidence for the
successful functionalization of GO.

3.2 Morphology of GO and FGO

The surface morphology and elemental composition of GO and
FGO were analyzed using SEM coupled with energy-dispersive
X-ray spectroscopy (SEM-EDS) to verify the success of the
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Fig. 5 Raman spectra of GO and FGO.
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grafting process. As shown in Fig. 6a, the pristine GO sheets
exhibit a relatively smooth and layered surface morphology. The
corresponding EDS spectrum (Fig. 6b) reveals the presence of
carbon (17.8 wt%) and oxygen (82.2 wt%), confirming the
abundance of oxygen-containing functional groups on the GO
surface. In contrast, the surface morphology of FGO (Fig. 6c)
becomes noticeably rougher and more irregular, indicating the
deposition of additional materials on the GO sheets after
functionalization. This modification is further supported by the
EDS analysis (Fig. 6d), which shows the presence of silicon
(10.1 wt%) and phosphorus (15.9 wt%), along with carbon
(17.7 wt%) and oxygen (56.3 wt%). The appearance of Si and P
elements confirms the successful incorporation of the DOPO-
GPTMS adduct onto the GO surface. In particular, the presence
of silicon suggests the formation of siloxane structures resulting
from the hydrolysis and condensation reactions of GPTMS
during the grafting process.*®

Multiple characterization techniques the
successful synthesis of functionalized graphene oxide (FGO), as
illustrated in Fig. 7. FTIR and XPS analyses verified the grafting
of the DOPO-GPTMS adduct onto the GO surface through
reactions between the hydrolyzed alkoxy groups of GPTMS and
the oxygen-containing functional groups on GO. This process
led to the formation of Si-O-C linkages between the silane and
the GO surface, accompanied by the formation of Si-O-Si bonds
through condensation reactions between silanol groups.
Furthermore, XRD and Raman spectroscopy revealed structural
changes in GO after functionalization, including disruption of
the layered structure and an increase in defect sites, indicating
the successful covalent modification of the GO surface and
confirming the formation of FGO.

confirmed

3.3 Thermal stability

The thermal stability of GO and FGO was evaluated by ther-
mogravimetric analysis (TGA), and the corresponding TGA and
DTG curves are shown in Fig. 8(a) and (b). GO exhibits two main
stages of thermal degradation. The first stage occurs around
100 °C and corresponds to the evaporation of physically
adsorbed water molecules on the hydrophilic GO surface. The
second stage, occurring near 220 °C, is attributed to the rapid
decomposition of oxygen-containing functional groups such as
-OH and -COOH groups present on the GO sheets.**** In
contrast, FGO exhibits three degradation stages. The first stage
between 30 °C and 120 °C is mainly associated with the evap-
oration of absorbed moisture. The second stage, occurring
between 120 °C and 300 °C, corresponds to the removal of
residual or weakly bound silane species. The extent of weight
loss in this stage is noticeably smaller than that observed for
GO, indicating that the grafted DOPO-GPTMS structure
improves the thermal stability of the material. The third
degradation stage, appearing around 300-350 °C, is attributed
to the decomposition of the DOPO-GPTMS structures cova-
lently grafted onto the GO sheets.*® The DTG curves (Fig. 8b)
further demonstrate that GO exhibits a sharp degradation peak
around 220 °C, indicating rapid thermal decomposition of
oxygen-containing groups. In comparison, FGO shows broader
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and less intense degradation peaks that shift toward higher
temperatures, suggesting a slower degradation process after
functionalization.

Moreover, the residual char yield of FGO at 700 °C (=52%) is
higher than that of GO (=47%), indicating improved thermal
stability after functionalization.®® The enhanced thermal
stability of FGO can be attributed to the formation of a phos-
phorus-silicon structure, where the siloxane network (Si-O-Si)
formed by GPTMS provides high thermal resistance, while the
phosphorus-containing DOPO groups promote char formation.
These synergistic effects contribute to the improved thermal
stability of FGO.

3.4 Flame retardancy performance

The effectiveness of the GO and FGO coatings in reducing the
flammability of PUF was evaluated using the UL-94 vertical

14076 | RSC Adv, 2026, 16, 14070-14082
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burning test, and the results are shown in Fig. 9. The uncoated
control sample, neat PUF, ignited immediately and was
completely consumed within 12 s (Fig. 9a), demonstrating its
high flammability. Conversely, the PUF/GO sample exhibited
slightly improved fire resistance (Fig. 9b). The GO coating,
stabilized by electrostatic interactions between the positively
charged PEI binder and the negatively charged functional
groups on the GO surface, formed a protective layer that
partially hindered heat transfer and oxygen diffusion during
combustion. However, this barrier effect was limited, and the
PUF/GO sample was still completely consumed after approxi-
mately 20 s, leaving little char residue. In contrast, the PUF/FGO
sample exhibited significantly enhanced flame-retardant
performance. Although the material ignited upon flame expo-
sure, the flame self-extinguished immediately after removal of
the ignition source, and the sample maintained its original

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TGA (a), DTG curves (b) of GO and FGO under nitrogen atmosphere.

shape without reignition (Fig. 9c). Consistent with this
behavior, the PUF/FGO sample achieved the highest UL-94
classification (V-0), whereas neat PUF and PUF/GO failed to
obtain any rating. The superior flame-retardant performance of
PUF/FGO can be attributed to the synergistic effect of phos-
phorus and silicon elements introduced by the DOPO-GPTMS
structure, together with the barrier effect of graphene sheets.
These observations are consistent with the TGA results, which
showed higher thermal stability and increased char yield for
FGO compared with GO, further demonstrating the enhanced
flame-retardant effectiveness of the FGO coating.

The flame resistance of the materials was further quantita-
tively evaluated using the Limiting Oxygen Index (LOI) test, and
the results are summarized in Fig. 10. Neat PUF exhibited high
flammability, with a low LOI value of 21.8%. Coating with 5 wt%
GO moderately increased the LOI to 26.3%, indicating a slight
improvement in flame resistance. By comparison, the PUF/FGO
sample showed a significant increase in LOI to 34.2%, demon-
strating substantially enhanced flame-retardant performance.
These LOI results are consistent with the UL-94 burning
behavior, further confirming the superior flame-retardant
effectiveness of the FGO coating.

Fig. 9 Vertical burning of neat PUF (a), PUF/GO (b), and PUF/FGO (c).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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intensities of these absorption bands were markedly reduced
for PUF/FGO (Fig. 11c), suggesting that a larger fraction of
carbon remained in the condensed phase to form a stable char
layer rather than being released as volatile combustible gases.
Notably, the maximum absorbance intensity of CO, for PUF/
FGO decreased by approximately 46% relative to neat PUF
(Fig. 11c and d), indicating a significant suppression of volatile
fuel evolution during thermal degradation. Since the heat
release during combustion is closely related to the amount of
combustible gases reaching the flame zone, the reduced gas
evolution observed for PUF/FGO suggests a potential decrease
in heat release intensity.*®*°

Furthermore, the overall gas evolution of PUF/FGO was
substantially lower than that of neat PUF and PUF/GO, while
thermogravimetric analysis revealed a significantly higher char
residue of approximately 52%. This result indicates that the
functionalized graphene effectively promotes carbon retention
in the condensed phase, forming a protective barrier layer. The
formation of this dense char layer restricts heat and mass
transfer, thereby suppressing the release of flammable volatiles

samples, the volatile decomposition products of neat PUF, PUF/
GO, and PUF/FGO were monitored using real-time TGA-FTIR
analysis. As shown in Fig. 11, the total absorbance intensity of
the evolved gaseous species from neat PUF was significantly
higher than that from the coated samples, indicating a consid-
erable reduction in volatile release during the thermal decom-
position of PUF/FGO. The major pyrolysis gases of neat PUF
were identified as CO,, CH,, and H,O (Fig. 11a), corresponding
to the stretching vibration of C=0 at 2240-2400 cm ', the
symmetric and asymmetric stretching vibrations of C-H at
2750-3000 cm ™', and the combined aromatic ring and -OH
stretching vibrations in the ranges of 1300-1900 cm ' and
3500-4000 cm ', respectively.”” Compared with neat PUF, the

3.5 Char analysis

and reducing smoke generation. Consequently, the incorpora-
tion of FGO provides a strong barrier effect, significantly miti-
gating both thermal hazards and smoke production during PUF
combustion.

To better understand the flame-retardant mechanism, the
morphology of the coating layers and the char residues was
analyzed using SEM, as shown in Fig. 12. Fig. 12a presents the
cross-sectional images of the PUF/GO and PUF/FGO samples
before combustion. It can be observed that the average thick-

ness of the flame-retardant coating layer is approximately 200 £+
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maximum thermal degradation; and (e) absorbance intensity in the CO, region
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derived from (d).
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Fig.12 Cross-sectional SEM images of PUF/GO and PUF/FGO (a). SEM images and EDX spectra of residual char after burning neat PFU (b), PUF/

GO (c), PUF/FGO (d), and EDX elemental mapping of Si and P (e).

50 um for both samples. However, the FGO coating forms
a denser and more compact protective layer compared with the
GO coating, indicating a more uniform and tightly packed
coating structure. After combustion, the morphology of the char
residues was further examined. The neat PUF sample was
almost completely consumed by the flame, leaving nearly no
char residue due to its inherent flammability (Fig. 12b). In
comparison, the PUF/GO sample formed a char layer; however,
the residue was thin, porous, and lacked structural integrity.
Large holes were observed on its surface (Fig. 12¢), which could
allow oxygen and volatile combustible gases to penetrate,
thereby accelerating the combustion of the underlying poly-
mer.* In contrast, the PUF/FGO sample generated a thick,
compact, and continuous char layer (Fig. 12d). This robust
structure effectively insulated the polymer substrate and sup-
pressed heat and mass transfer during combustion, thereby
enhancing flame resistance and maintaining the structural
integrity of the material.** EDS analysis and elemental mapping
of the char residues provided further insight into the flame-
retardant mechanism. While the char residues from neat PUF
and PUF/GO contained negligible amounts of phosphorus (P)
and silicon (Si), the PUF/FGO char was enriched with both
elements. Moreover, elemental mapping (Fig. 12¢) revealed that
P and Si were uniformly distributed throughout the FGO char
residue. This homogeneous distribution suggests the formation
of a stable phosphosilicate network during combustion. Such
a network contributes to the development of a dense and
compact protective char layer, which is significantly more
robust than that formed by GO alone. The formation of this
ceramic-like barrier helps explain the higher char yield
observed in the TGA analysis and is consistent with the
improved LOI and UL-94 flame-retardant performance.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.6 Flame-retardant mechanism

Based on the experimental results, the flame-retardant mecha-
nism of FGO in PUF can be proposed, as illustrated in Fig. 13,
which primarily operates in the condensed phase. During
combustion, the graphene sheets in the coating act as an
effective physical barrier, promoting the formation of a stable
char layer on the polymer surface. This protective layer insulates
the underlying material, thereby reducing the heat release rate
and suppressing the emission of flammable gases and smoke.*
During thermal decomposition, DOPO in FGO generates
phosphorus-rich species, which facilitate char formation and
contribute to the development of a protective carbonaceous
residue. In addition, phosphorus-containing radicals can scav-
enge hydrogen radicals in the flame, thereby interrupting the
combustion chain reactions.**>% Meanwhile, GPTMS forms
a thermally stable Si-O-Si network, which promotes the
formation of a graphitized char structure and further enhances
the thermal stability of the condensed-phase residue.** In
addition, the nitrogen-containing PEI binder releases
nonflammable gases such as ammonia and water vapor during
combustion, which dilute combustible gases and oxygen in the
flame zone, providing an additional gas-phase flame-retardant
effect.* As a result, the combined presence of phosphorus,
silicon, and graphene forms a synergistic ternary system that
significantly improves the fire resistance of the foam. This
synergistic effect delays ignition, promotes the formation of
a stable protective char layer, and effectively suppresses the
transfer of heat and oxygen to the underlying PUF during
combustion.
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Fig. 13 Schematic of the flame-retardant mechanism of PUF/GO and PUF/FGO.

3.7 Mechanical properties and density

The coating process led to an observable increase in foam
density. Specifically, the density of neat PUF was 0.0540 g cm ™ ~,
whereas those of PUF/GO and PUF/FGO rose to 0.0708 g cm ™
and 0.0712 g cm >, representing increments of approximately
31% and 33%, respectively. This densification confirms the
successful deposition of the graphene oxide-based flame-
retardant system within the porous architecture of the foam.
The influence of these coatings on the mechanical properties is
depicted in Fig. 14. Despite the moderate density increase, the
coated foams exhibited a remarkable enhancement in
mechanical performance. The compressive strength of neat PUF
was 0.53 MPa, while the PUF/GO and PUF/FGO composites
reached 0.85 MPa and 1.34 MPa, respectively-marking
substantial improvements of 60% and 152% over the pristine
foam. Notably, the treatment did not compromise the inherent

0.8
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0.4

0.2

Compressive strength (MPa)

0.0

PUF PUF/GO PUF/FGO

Fig. 14 Compressive strength of PUF, PUF/GO, and PUF/FGO.
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mechanical integrity of the substrate. This reinforcement is
attributed to the infiltration of the flame-retardant/binder
system into the surface micropores and structural defects,
which effectively bridges weak points and enhances the struc-
tural compactness of the PUF. The presence of graphene oxide
derivatives within the cellular framework reinforces the foam
structure, thereby contributing to the enhanced compressive
strength of the coated PUFs.

4 Conclusions

This study successfully developed a novel functionalized gra-
phene oxide (FGO: DOPO-GPTMS-GO) as a high-performance
flame retardant, with its structure confirmed through compre-
hensive characterization including FTIR, XRD, Raman, and
SEM-EDS. When applied to polyurethane foam (PUF) via a layer-
by-layer coating process, the PUF/FGO composite exhibited
outstanding flame retardancy, achieving a high LOI of 34.2%
and a V-0 rating in UL-94 tests, significantly outperforming both
neat PUF and PUF/GO. Real-time TG-FTIR analysis further
elucidated the combustion behavior, revealing a 46% reduction
in CO, evolution and a substantial char yield of 52%, which
indicates that the FGO effectively suppresses heat and smoke
hazards by sequestering volatile fragments into the condensed
phase. This synergistic mechanism is driven by the formation of
a dense, continuous phosphosilicate layer that acts as a physical
shield, preventing further thermo-oxidative degradation.
Beyond fire safety, the coating treatment remarkably enhanced
the mechanical integrity of the foam, yielding a 152% increase
in compressive strength (1.34 MPa) due to the effective infil-
tration of the FGO into structural defects and its role as a rein-
forcing backbone within the cellular framework. Consequently,

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00124f

Open Access Article. Published on 16 March 2026. Downloaded on 4/6/2026 4:55:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

this work demonstrates a promising strategy for designing
multifunctional, graphene-based flame retardants that simul-
taneously optimize the fire safety and mechanical performance
of combustible polymer material.
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