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A novel hybrid flame-retardant system, named MOF-DOPO, was developed by chemically grafting 9,10-
dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) to an Fe-based metal-organic framework
(Fe-MOF-NH,). The combination of MOF-DOPO and urea—melamine—formaldehyde microencapsulated
ammonium polyphosphate (APP@QUMF) markedly enhanced the fire resistance of epoxy resin.
Comprehensive analyses indicated a synergistic flame-retardant mechanism between MOF-DOPO and
APP@UMF operating in both gas and condensed phases. In the gas phase, phosphorus-centered radicals
from DOPO effectively captured flame-propagating radicals, while nonflammable gases (NHz, CO,, H,0)
diluted and cooled the combustion zone. In the condensed phase, a compact intumescent char
reinforced by thermally stable iron phosphate species (Fe,P,O; Fe P401,, Fe(POs),) served as an
efficient physical barrier to heat and mass transfer. Moreover, the formation of the spherical particulate
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Accepted 26th November 2025 effect”, minimizing flame impingement and retarding further degradation. Additionally, the incorporation
of MOF-DOPO significantly mitigated the mechanical deterioration induced by APP@QUMEF. This study
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1. Introduction

Epoxy resin (EP) is widely used in coatings, adhesives, electronic
encapsulation, and composites, owing to its excellent thermal
stability, high mechanical strength, good chemical resistance,
and strong adhesion.'”® However, EP is inherently flammable
and releases dense smoke and toxic gases during combustion,
severely restricting its applications in fields requiring high fire
safety.* Hence, developing effective flame-retardant strategies
for EP is of great importance.

Among various approaches, intumescent flame retardants
(IFRs) have gained increasing attention as halogen-free addi-
tives due to their high efficiency, low smoke emission, and
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retardancy and good mechanical properties.

environmental safety.>™° IFRs act by generating an intumescent
carbonaceous char layer that insulates the polymer from heat
and oxygen. Ammonium polyphosphate (APP), a typical acid
source in IFR systems, promotes char formation through the
production of phosphoric species during thermal
decomposition.'*** Nevertheless, pristine APP suffers from
poor interfacial compatibility with epoxy, which can impair
mechanical performance. To overcome these limitations,
considerable research has focused on improving the interfacial
compatibility of APP via surface modification, and microen-
capsulation is a feasible and effective method. APP has been
successfully = modified  using  hyperbranched  poly-
ethyleneimine,"*® tannic acid,” phosphorus-containing silane
coupling agents.'®® Meanwhile, melamine formaldehyde
(MF),>** urea formaldehyde,> polyvinyl alcohol-MF,** and
urea-MF> resins can be used to encapsulate APP effectively.

In recent years, the incorporation of metal-organic frame-
works (MOFs) as multifunctional flame-retardant synergists has
attracted considerable attention owing to their unique struc-
tural and physicochemical properties, including tunable struc-
ture, large surface area, high porosity, diverse metal-ligand
composition, and scalable functionality.”®** In particular, Fe-
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based MOFs exhibit superior thermal stability, smoke-
suppressing capability, and potential catalytic activity for
promoting char formation.*® However, pristine MOFs usually
provide limited flame-retardant efficiency, and their interfacial
compatibility with the polymer matrix requires further
enhancement due to their tendency to agglomerate.** To
address these challenges, modification of MOFs has proven to
be an effective approach. For instance, di(para-aminobenzoic
acid)-containing Co-based metal-organic framework (P-MOF)
was synthesized and incorporated into EP.** It was found that
the total heat release (THR) and peak heat release rate (PHRR) of
EP declined by 18.6% and 28%, respectively, with 2 wt% loading
of P-MOF. Additionally, various flame retardants such, as
layered double hydroxide,*® a-zirconium phosphate,*” silica,*®
graphene oxide,* diatomite,* dimethyl methylphosphonate,*
ferrocene,* polyphosphazence,* have been successfully inte-
grated with MOFs to enhance their fire resistance performance.
9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide

(DOPO) is a well-known reactive flame retardant featuring high
thermal stability, strong radical-trapping ability, and efficient
char-promoting characteristics.** Covalent or coordination
incorporation of DOPO moieties into MOF structures can
simultaneously introduce gas-phase quenching ability and
condensed-phase catalytic activity, resulting in improved flame-
retardant efficiency. Furthermore, the integration of such
DOPO-modified MOFs with traditional IFR systems is expected
to produce a dual-mode synergistic effect, enhancing both the
char strength and the radical quenching performance.

In this work, an amino-functionalized metal-organic
framework, Fe-MOF-NH, was chemically modified with DOPO
through a nucleophilic substitution reaction, as illustrated in
Fig. 1. Fe-MOF-NH, was first synthesized via a solvothermal
method, followed by its chemical modification with chlorinated
DOPO to introduce phosphorus-containing groups onto the
framework (labeled as MOF-DOPO). Subsequently, MOF-DOPO
was combined with urea-melamine-formaldehyde micro-
encapsulated APP (APP@UMF) at different mass ratios in the
epoxy matrix. The resulting nanocomposites were systemati-
cally evaluated for their flame retardancy, thermo-oxidative
stability, and mechanical properties using UL-94 vertical
burning test, limiting oxygen index, thermogravimetric anal-
ysis, tensile, and impact tests. Moreover, the synergistic flame-
retardant effect between MOF-DOPO and APP@UMF was di-
scussed in both the condensed and gas phases.

2. Experimental
2.1 Materials

Epoxy resin (EPICOTE™ Resin MGS LR 385, epoxy equivalent:
160-170 g per equivalent, epoxy value: 0.58-0.64 equivalent 100
g™, viscosity: 700-1050 mPas)* and hardener (EPICURE™ Curing
Agent MGS LH 386, 3-aminomethyl-3,5,5-trimethylcyclo-
hexylamine (35-50 wt%), trimethylolpropane poly(oxypropylene)
triamine (25-35 wt%), 2,2-dimethyl-4,4"-methyl-
enebis(cyclohexylamine) (20-25 wt%), amine value: 480-550 mg
KOH g, viscosity: 40-90 mPas)*® were provided by Hexion
Specialty Chemicals (Germany). APP (form II, # > 1000) and DOPO
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(97%) were bought from Shanghai Macklin Biochemical Co., Ltd.
(China). Iron(m) chloride hexahydrate (FeCl;-6H,0, 97%), 2-ami-
noterephthalic acid (H,BDC-NH,, 98.5%), urea (= 98%), tri-
ethylamine (TEA, = 99%, density: 0.728 g cm ) were purchased
from Fisher Scientific (USA). Melamine (MEL, 99%), formaldehyde
solution (37%), and N-chlorosuccinimide (NCS, 98%) were
supplied by Sigma-Aldrich (USA). Analytical-grade NaOH, Na,COs3,
H,SO,, N,N-dimethyl formamide (DMF), toluene, di-
chloromethane (DCM), and absolute ethanol were used as received
without further purification.

2.2 Synthesis of Fe-MOF-NH,,

Fe-MOF-NH, was synthesized via a modified solvothermal
procedure. Typically, FeCl;-6H,0 (20 g) was dissolved in DMF
(740 mL) under vigorous stirring to obtain a homogeneous
solution. Then, H,BDC-NH, (13.4 g) was added and stirred for
10 min, followed by the dropwise addition of NaOH solution
(148 mL, 0.2 mol L™ "). After further stirring for 15 min, the
reaction mixture was heated at 110 °C under reflux in an argon
(or air) atmosphere for 20 h. The resulting precipitate was
separated by centrifugation, washed several times with DMF
and methanol, and then dried under vacuum at 120 °C for 12 h
to obtain the dark-brown powder Fe-MOF-NH,, of 14.65 g (under
argon atmosphere). Details of characterization are provided in
the SI. To ensure the formation of a pure MOF phase, Fe-MOF-
NH, was synthesized under the inert atmosphere. In contrast,
the sample prepared in air exhibited Fe,O; impurities, as
confirmed by XRD and SEM analyses (Fig. S1 and S2).

2.3 Chemical grafting of DOPO onto Fe-MOF-NH,

2.3.1. Synthesis of DOPO-Cl. N-Chlorosuccinimide (1.48 g)
was dissolved in toluene (30 mL), followed by the slow addition
of DOPO (2.0 g) under continuous stirring. The reaction mixture
was then stirred overnight at 50 °C. After completion, the
insoluble by-products were removed by filtration, and the
filtrate was concentrated using rotary evaporation to obtain
a pale-yellow gel-like product (2.23 g, yield ~96%), designated
as DOPO-CIL. 'H NMR (600 MHz, CDCl;) 6 8.07 (dd, J = 16.2,
7.2 Hz, 1H), 8.0-7.94 (m, 2H), 7.78 (m, 1H), 7.57 (m, 1H), 7.45 (t,
J = 7.8 Hz, 1H), 7.36 (m, 1H), 7.30~7.27 (m, 1H). *'P NMR (243
MHz, CDCl;) 6 20.0 (Fig. S3).

2.3.2. Synthesis of MOF-DOPO. MOF-DOPO was prepared
via a nucleophilic substitution reaction between Fe-MOF-NH,
and DOPO-CL. Briefly, DOPO-CI (2.23 g) was dissolved in DCM
(20 mL) under an argon atmosphere. Meanwhile, Fe-MOF-NH,
(10.0 g) was dispersed in DCM (70 mL), followed by the addition
of TEA (3.76 mL) under continuous stirring for 10 min. Subse-
quently, the DOPO-CI solution was added dropwise to the
suspension. After the addition was complete, the reaction
mixture was further stirred for 24 h at room temperature under
an argon environment. The resulting solid was collected by
filtration, washed three times with DCM, and dried in a vacuum
oven at 80 °C for 12 h to obtain the MOF-DOPO powder.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic presentation of synthesis route for MOF-DOPO.

2.4 Preparation of APP@QUMF

Ammonium polyphosphate was microencapsulated with
a urea-melamine-formaldehyde (UMF) resin shell to obtain
APP@UMF, following a previously reported procedure.”® The
detailed preparation steps and corresponding characterization
are presented in the SI. The results of FT-IR, XRD, and
SEM proved the successful preparation of APP@UMF (Fig. S4
and S5).

2.5 Preparation of epoxy nanocomposites

Epoxy nanocomposites were prepared using a curing process
with an epoxy resin-to-hardener mass ratio of 100:34. MOF-
DOPO was first dispersed into the epoxy resin, while
APP@UMTF was incorporated into the hardener using mechan-
ical stirring and ultrasonication to ensure uniform dispersion.
The two mixtures were subsequently combined under gentle
stirring to obtain a homogeneous blend, which was then poured
into silicone molds of standard dimensions. The curing process
was carried out at room temperature for 24 h, followed by post-
curing at 60 °C for 12 h. The detailed formulations of the epoxy
composites are listed in Table 2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.6 Characterizations

Fourier transform infrared (FT-IR, L1600400, PerkinElmer, USA)
spectroscopy was used to identify functional groups in the
samples via the KBr pellet technique. The FT-IR spectra were
recorded over the wavenumber range from 400 to 4000 cm ™" at
a resolution of 1 cm™". The crystalline structures of the mate-
rials were determined by X-ray diffraction (XRD, D8 Advance,
Bruker, Germany) using Cu Ka. radiation (A = 1.5406 A) within
a 20 range of 5-70°. The morphology of the samples was
observed using field-emission scanning electron microscopy
(FE-SEM, JSM-IT800, JEOL, Japan) operated at an accelerating
voltage of 3 kV. Before observation, the samples were sputter-
coated with a thin platinum layer using a JEC-3000FC coater
(JEOL, Japan) for 60 s to improve conductivity. The elemental
composition and distribution of C, O, Fe, N, and P in MOF-
DOPO were analyzed by energy-dispersive X-ray spectroscopy
(EDS mapping) on the JSM-IT800 microscope equipped with an
Ultim Max 65 detector (Oxford Instruments, Japan). The
successful synthesis of DOPO-CI was demonstrated by "H and
3P NMR spectra on a 600 MHz AvanceNEO spectrometer
(Bruker) with CDCl; as a solvent. Thermogravimetric analysis
(TGA, LABSYS Evo STA, Setaram, France) was performed to

RSC Adv, 2025, 15, 47587-47600 | 47589
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evaluate the thermal properties of Fe-MOF-NH,, MOF-DOPO, 3 Results and discussion
and epoxy composites. The measurements were conducted in

a temperature range of 50 to 900 °C at a heating rate of 10 °
C min~ " under either air or nitrogen atmosphere. FT-IR analysis was performed to investigate the chemical
The UL-94 vertical burning (UL94-V) test was conducted structures of Fe-MOF-NH,, MOF-DOPO, and DOPO (Fig. 2a and
following ASTM D3801 using a GT-MC35F-2 instrument (Gester, b). Both FT-IR spectra of Fe-MOF-NH, and MOF-DOPO display
China). Limiting oxygen index (LOI) values were determined the characteristic bands of the Fe-MOF-NH,, framework at 3462
based on ASTM D2863-13 using a Yasuda 214 oxygen index and 3356 cm~ ' (N-H vibrations), 1336 and 1257 cm ™" (C-N
tester (Japan). For both tests, the epoxy composite specimens vibrations in aromatic amines), 1575-1384 cm ™" (carboxylate
had dimensions of 125 mm x 13 mm x 3.2 mm. groups), and 520-579 em ™" (Fe-O stretching modes).”** Addi-
The mechanical behavior of epoxy composites was charac- tionally, the FT-IR spectrum of MOF-DOPO exhibits a new peak
terized through tensile and impact measurements. Tensile at 1145 cm ', corresponding to P-O-Ar vibrations of DOPO.*
properties were determined on a universal testing machine (AI-  The absorption peaks at 766 and 620 cm ™" become broader and
7000M, Gotech, Taiwan) in accordance with ISO 527 ataloading more intense due to the overlap of vibrations in MOF and

rate of 20 mm min . The dog-bone specimens had a gauge DOPO, with the 766 cm ™ band arising from Ar-C-H.
length of 50 mm. Impact resistance was examined by the (MOF) and P-O-Ar (DOPO) vibrations,*** and the 620 cm ™"
unnotched Izod method in accordance with ASTM D4812 on  band attributed to Fe-O (MOF) and P=0 (DOPO) vibrations.?>*
a mechanical testing system (TestResources, USA), employing In particular, the appearance of new absorption peaks at around
samples with dimensions of 64 mm x 13 mm x 3 mm. All re- 1093 and 915 cm ', assigned to P-N vibrations,** demon-
ported values represent the average of five independent strates the formation of covalent linkages between DOPO and
measurements, and the corresponding standard deviations Fe-MOF-NH,. In addition, the disappearance of P-H stretching
were included as error values. bands at 2435 and 2384 cm™ ' indicates that DOPO no longer
exists in the free molecular state in the MOF-DOPO sample.

3.1 Characterization of MOF-DOPO

_O— _O— DOPO
a) [5opo P-o-Ar [P P O-Ar
i |
g ' | &7 |
:,’ MOF-DOPO i ! ;’ !
e : o2 ] MOF-DOPO
© 1 © 1
E | E i
E |Fe-MOF-NH, | g
c M € z
A W | | 8 )
(= =
. Fe-MOF-NH,
\
| \
O COO- T T T T T T
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£}
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2
D DOPO
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3
£
Fe-MOF-NH,

5 10 15 20 25 30 35 40
2 theta (°)

Fig. 2 FT-IR spectra (a), magnified FT-IR spectra (b) and XRD patterns (c) of Fe-MOF-NH,, MOF-DOPO, and DOPO.
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Fig. 3 SEM images of Fe-MOF-NH, (a), MOF-DOPO (b), EDS mapping of MOF-DOPO (c), Fe (d), and P (e) elements in MOF-DOPO, and EDS

spectrum of MOF-DOPO (f).
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Fig. 4 TGA (a) and DTG (b) curves of Fe-MOF-NH,, DOPO, and MOF-DOPO in N, atmosphere.

These results confirm the successful chemical grafting of DOPO
to the Fe-MOF-NH, framework.

The crystalline structure of the samples was analyzed by X-
ray diffraction (Fig. 2c). The XRD pattern of MOF-DOPO
exhibits the same diffraction reflections as pristine Fe-MOF-
NH,, indicating that the crystalline framework of Fe-MOF-NH,
is preserved after modification. Moreover, no characteristic
diffraction peaks assignable to DOPO are observed, suggesting
that DOPO does not exist as a free crystalline phase. Instead, it
is covalently grafted to the Fe-MOF-NH, framework, which does
not exhibit long-range crystalline order detectable by XRD.

As shown in Fig. 3a, the as-synthesized Fe-MOF-NH, exhibits
hexagonal spindle-shaped crystals with a length ranging from
150 to 235 nm and an average diameter of approximately 60 nm.
After modification, the morphology of MOF-DOPO (Fig. 3b)

© 2025 The Author(s). Published by the Royal Society of Chemistry

remains essentially unchanged compared with the pristine Fe-
MOF-NH,. This observation further corroborates the XRD
results, confirming that the structural integrity of Fe-MOF-NH,
is well preserved after DOPO grafting. The successful grafting of
DOPO to Fe-MOF-NH, framework was further verified by EDS
spectroscopy. The overlay image (Fig. 3c) reveals the presence of
all constituent elements of the MOF and DOPO (C, O, N, Fe, and
P), which are uniformly distributed throughout the crystallites,
indicating a homogeneous composition without visible phase
separation. In particular, the Fe and P elemental maps (Fig. 3d
and e) display highly similar spatial distributions, with signals
spreading consistently over the spindle-shaped structures. The
uniform dispersion of phosphorus strongly suggests that DOPO
is grafted onto Fe-MOF-NH, framework rather than aggregated
as a separate crystalline phase. Additionally, Fig. 3f presents the

RSC Adv, 2025, 15, 47587-47600 | 47591
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Table1 TGA parameters of Fe-MOF-NH,, DOPO, and MOF-DOPO in
N, atmosphere

Samples Ts%" (°C) Tmax (°C) Residue at 900 °C (wt%)
Fe-MOF-NH, 104.48 312.71 26.29

DOPO 250.8 353.4 0.4

MOF-DOPO 152.18 324.63 29.99

% Tsop: temperature at mass loss of 5 wt%. b Tmax: temperature at

maximum degradation rate.

EDS spectrum of MOF-DOPO along with the corresponding
elemental mass proportions. The phosphorus content was
determined to be 1.1 wt%, which corresponds to a DOPO
content of about 7.66 wt% in the MOF-DOPO sample, as
calculated using eqn (1).

P(wt%)

DOPO(wt%s) = ——
P

x 100 6))]
where, P (Wt%) is mass percentage of P element determined
from EDS analysis wp is the mass fraction of phosphorus in
DOPO (14.34 wt%).

Thermal behavior of Fe-MOF-NH,, DOPO, and MOF-DOPO
were investigated by thermogravimetric analysis under a N,

Table 2 Formulation of epoxy composites and their flame retardancy”

View Article Online

Paper

atmosphere, TGA and derivative thermogravimetry (DTG)
curves are displayed in Fig. 4. Additionally, the characteristic
parameters, including temperatures at the mass loss of 5 wt%
(Ts9), temperatures at maximum mass loss rate (Tjax), and the
char residue at 900 °C, are summarized in Table 1. For Fe-MOF-
NH,, the first mass loss at a temperature observed below 250 °C
corresponds to the volatilization of physically adsorbed mole-
cules on the surface and within the pores of the framework. The
second mass loss, occurring between 285 and 470 °C with
a maximum mass loss at 312.71 °C, is attributed to the
decomposition of the organic skeleton.*® In the case of DOPO,
decomposition takes place between 250 and 400 °C, leaving only
a negligible char residue of 0.4%. The thermal degradation
profiles of Fe-MOF-NH, and MOF-DOPO are similar, showing
two major mass loss steps. However, compared with Fe-MOF-
NH,, both the Ty and T« values of MOF-DOPO notably
increase by around 47.7 °C and 11.92 °C, respectively, indi-
cating an enhancement in thermal stability after grafting
DOPO. Moreover, the residual char of MOF-DOPO (29.99%) is
higher than that of Fe-MOF-NH, (26.29%) as well as the calcu-
lated residue (24.3%- estimated based on the individual TGA
residues of Fe-MOF-NH, (26.29%) and DOPO (0.4%), assuming
a DOPO grafting content of 7.66% as determined by EDS). These
results suggest a synergistic interaction between DOPO and the

Compositions (wt%)

UL-94 test (3.2 mm)

Samples EP APP@UMF Fe-MOF-NH, MOF-DOPO Rating tlb (s) t,° (s) LOI (%)
EPO 100 NR Burnt out — 21.1
EP1 90 10 V-0 1.2 1.5 28.5
EP2 90 9 1 V-0 0.9 1.3 30.7
EP3 90 9 1 V-0 0.5 0.6 37.3
EP4 90 7 3 V-0 0.8 1.0 33.8
EP5 90 5 5 V-1 10.3 2.6 24.6

“ Abbreviation NR: No rating. ? ¢,: Self-extinguishing time after the first ignition. © t,: Self-extinguishing time after the second ignition.

a) b)
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Fig. 5 FT-IR spectra (a) and XRD patterns (b) of Fe-MOF-NH, and MOF-DOPO after calcination at 900 °C in N, atmosphere.
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Fig. 6 TGA (a) and DTG (b) curves of epoxy and its composites in air atmosphere.

MOF framework in improving the thermal stability and char-
forming capability of MOF-DOPO.

To elucidate this phenomenon, the residues of Fe-MOF-NH,
and MOF-DOPO after calcination at 900 °C under N, atmo-
sphere were characterized by FT-IR and XRD (Fig. 5). The FT-IR
spectra of both residues (Fig. 5a) exhibit characteristic bands of
iron oxides at 430-460 cm " (Fe-O vibrations in the octahedral
sites of Fe,03), 520-530 cm ™' (Fe-O vibrations in the tetrahe-
dral sites of Fe,O;), and 570-610 cm ' (Fe-O vibrations in
Fe;0,).°** In addition, the residue of MOF-DOPO shows new
peaks at 1030 and 979 cm ™" (PO, vibrations) and 632 cm™ " (P-O
vibrations), suggesting the formation of phosphate species.***
The XRD pattern of the MOF residue confirms the formation of
Fe,0;, with diffraction peaks at 26 ~24.19°, 33.14°, 35.70°,
40.92°, 49.48°, 54.15°, 62.46°, and 64.01° (ICDD PDF # 01-089-
0599), along with a minor amount of Fe;O, at 26 ~35.70° and
57.69° (ICDD PDF # 01-075-0449). Meanwhile, the XRD pattern
of the MOF-DOPO residue reveals not only the presence of iron
oxides but also additional reflections at 26 ~20.3°, 25.9°, 38.08°,
48.38°, and 65.73°, which can be assigned to iron phosphate
(FePO,) (ICDD PDF # 00-029-0175). These observations are in
good agreement with the FT-IR results. The formation of FePO,
can be attributed to the chemical reaction between iron oxides

Table 3 TGA parameters of epoxy and its composites in air
atmosphere

Tinax’ (°C)
Samples Tsq,” (°C) 1 2 3 Residue at 900 °C (wt%)
EPO 317.54 368.31 718.45 — 0.12
EP1 283.25 307.2 527.34 — 11.58
EP2 286.12 309.50 534.35 699.20 14.04
EP3 298.21 321.45 597.25 804.06 17.68
EP4 290.11 313.00 528.29 683.92 18.17
EP5 289.79 321.56 535.55 — 19.15

% Tsop: temperature at mass loss of 5 wt%. b Tmax: temperature at

maximum degradation rate.

© 2025 The Author(s). Published by the Royal Society of Chemistry

and phosphoric acid species generated during the thermal
decomposition of MOF-DOPO.

3.2 Thermo-oxidative property

The thermo-oxidative behavior of epoxy and its composites was
evaluated via thermogravimetric analysis in air, and corre-
sponding TGA and DTG curves are depicted in Fig. 6. Important
TGA parameters, including Tse, (temperatures at mass loss of
5 Wt%), Tmax (temperatures at maximum decomposition rate),
and residue at 900 °C, are summarized in Table 3. Compared
with EPO, the EP1 composite exhibits lower Tso,, Timaxi, and
Tmaxe Values.

The reduction in Ty, can be associated with the inferior
thermal stability of the UMF resin shell in APP@UMF. Upon
decomposition, UMF resin releases nonflammable gases (NHj3,
CO,), which act as blowing agents to facilitate the development
of an intumescent char structure.”® Meanwhile, the decline in
the Tyhax values results from the catalytic effect of phosphoric
acid and its derivatives formed from the decomposition of APP,
which accelerates early polymer degradation and promotes char
formation,® thereby notably improving the flame retardancy of
the epoxy matrix. This char-forming effect is corroborated by
the substantial increase in char residue for EP1 (11.58%)
compared to EPO (0.12%). Compared to EP1, the nano-
composites exhibit higher thermo-oxidative stability, as evi-
denced by the pronounced increase in Ty,.x values and char
yield. This enhancement can be attributed to the catalytic effect
of metal sites on carbonization,* contributing to the formation
of a more stable char layer. Furthermore, the chemical inter-
action between the decomposition products of the flame-
retardant additives (iron oxides and phosphoric species) can
generate thermally stable phosphate compounds, reinforcing
the char layer, thereby slowing down the oxidative degradation
of the char layer. Among all nanocomposites, the EP3 nano-
composite demonstrates superior thermal oxidative stability,
with Ty, and Tiays significantly shifted to 597.25 and 804.06 °©
C, respectively. Moreover, the char yield of EP3 (17.68%)
surpasses compared to EP2 (14.04%), indicating that DOPO
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grafting onto Fe-MOF-NH,, notonly enhances thermal stability
but also promotes char formation. These results provide
a partial explanation for the outstanding fire resistance of the
nanocomposite containing 1 wt% MOF-DOPO and 9 wt%
APP@UMF. The residual char further increases with higher
MOF-DOPO loading (EP4 and EP5), which can be attributed to
the generation of a greater quantity of high-molecular-weight
metal phosphates.

3.3 Flame resistance

The flame retardancy of epoxy resin and its composites was
investigated through the UL94-V and LOI tests, and results are
presented in Table 2. Neat epoxy (EP0) exhibits high flamma-
bility, as evidenced by its low LOI value of 21.1% and complete
combustion immediately after the first ignition. Incorporation
of 10 wt% APP@UMF markedly improves the flame retardancy
of epoxy. In particular, the EP1 composite achieves a UL-94 V-
0 rating, along with a notable increase in LOI to 28.5%.
Besides, the synergistic flame-retardant effect between
APP@UMF and Fe-MOF-NH, or MOF-DOPO was also investi-
gated while maintaining a constant total additive content of
10 wt%. Compared to the EP1 composite, the combination of
APP@QUMF and Fe-MOF-NH, or MOF-DOPO leads to
a pronounced enhancement in the flame retardant efficiency of
the epoxy resin. Notably, the MOF-DOPO material demonstrates
a superior synergistic flame-retardant effect. This result
demonstrates the crucial role of DOPO functionalization in

View Article Online
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enhancing the synergistic flame-retardant efficiency of MOF
with APP@UMF. The optimal ratio between MOF-DOPO and
APP@UMF was also studied by UL-94 and LOI tests. The results
reveal that the EP3 nanocomposite, containing 1 wt% MOF-
DOPO and 9 wt% APP@UMTF, exhibits the highest fire resis-
tance among all nanocomposites. Specifically, EP3 achieves
a UL-94 V-0 rating with the shortest self-extinguishing times (¢;
= 0.5 s and ¢, = 0.6 s) and an outstanding LOI value of 37.3%.
The remarkable increase in LOI of EP3 highlights a significant
synergistic effect between MOF-DOPO and APP@UMF,
demonstrating that even a small addition of MOF-DOPO can
substantially enhance the flame-retardant performance of epoxy
composites. However, the flame retardant efficiency of nano-
composites tends to decrease with increasing MOF-DOPO
content. Notably, the EP5 nanocomposite, loading 5 wt%
MOF-DOPO and 5 wt% APP@UMF, attains only a UL-94 V-1
rating accompanied by a substantial reduction in LOI to
24.6%, which is even lower than that of EP1. These results
indicate that optimization of the MOF-DOPO to APP@UMF
ratio is critical for achieving maximum synergistic flame-
retardant efficiency in epoxy nanocomposites.

3.4 Morphology of char residue

To investigate the synergistic flame retardant effect between
MOF-DOPO and APP@UMF in the epoxy matrix, equal-mass
composite samples were calcined at 900 °C with a heating
rate of 10 °C min ' in air. The resulting residual chars were

Fig. 7 Digital photographs of EP and its composites obtained after calcination at 900 °C: Side view (a) and Top view (b).
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Fig. 8 The surface morphology of EP1 (a), EP2 (b and by), EP3 (c, c; and c,), EP4 (d, d; and d,), EP5 (e, e; and e;) after calcination at 900 °C.

then characterized by SEM, FT-IR, and XRD. Fig. 7 shows the
digital photographs of the char layer obtained after calcination.
The EPO sample leaves a negligible amount of residual char, in
agreement with the TGA results. In contrast, the introduction of
flame-retardant additives greatly enhances the char formation.
The EP1 composite generates a voluminous intumescent char
layer; however, its structure is relatively porous, soft, and
mechanically weak, making it prone to collapse. With the
incorporation of 1 wt% Fe-MOF-NH,, the char structure of EP2
becomes denser and mechanically stronger. Compared to EP2,
the EP3 nanocomposite exhibits a more voluminous char layer,
demonstrating that DOPO further facilitates carbonization.
Moreover, the continuity and compactness of the char layer
surface of EP3 are clearly improved, suggesting the stronger
stronger reinforcing effect of MOF-DOPO compared to Fe-MOF-
NH,. At higher MOF-DOPO loadings, the char structures of the
nanocomposites become increasingly rigid and robust, but

© 2025 The Author(s). Published by the Royal Society of Chemistry

their intumescence is substantially diminished, particularly in
the case of EP5.

Fig. 8 illustrates the SEM micrographs of the char layer
surfaces. In the case of EP1 (Fig. 8a), the char layer reveals
a fragmented and of loosely packed structure composed of thin
and brittle carbonaceous flakes, resulting in a fragile and
porous structure. Although this intumescent char layer can act
as a barrier to heat and oxygen diffusion, thereby offering some
degree of thermal protection, its weak structural integrity
renders it susceptible to collapse under elevated temperatures
or vigorous airflow. Consequently, the overall protective capa-
bility of this layer remains insufficient without further rein-
forcement. Conversely, the char surfaces of the nanocomposites
(EP2-EP5) show a more compact and continuous morphology
(Fig. 8b-e), reflecting improved structural integrity. Notably,
a network of spherical particles covering the char structures can
be observed, evidencing the formation of multicomponent char

RSC Adv, 2025, 15, 47587-47600 | 47595
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Fig. 9 FT-IR spectra (a) and XRD patterns (b) of epoxy composites EP1-EP5 after calcination at 900 °C.

structures. The particle size progressively increases with higher
nanoparticle loadings, ranging from approximately 100 nm at
1 wt% Fe-MOF-NH, (Fig. 8b;) or MOF-DOPO (Fig. 8c,) to several
hundred nanometers at 3 wt% MOF-DOPO (Fig. 8d,), and
reaching nearly 1 pm at 5 wt% MOF-DOPO (Fig. 8e,). These
spherical entities play a crucial role in reinforcing the char
framework and enhancing its thermal stability. Furthermore,
the development of this thermally stable particulate network
may exert a “lotus-leaf effect”, impeding direct flame contact
with the underlying material and thereby improving the
protective capability of the char layer.

3.5 Flame-retardant mechanism

Fig. 9 presents FT-IR spectra and XRD patterns of the char
residues. As observed in Fig. 9a, the char residue of EP1 displays
absorption bands at 2925-2854 (-CH, stretching), 1724 (C=0
stretching), 1536-1636 (C=C stretching in aromatic ring), and
1400 cm ™~ (C~C stretching in aromatic ring),** indicating that
aromatization, esterification, and carbonization processes take
place during the thermal decomposition of the epoxy
composite. Additionally, characteristic peaks at 1168 (P=0
stretching), 1096-975 (P-O-C linkage), and 500 cm ™" (O=P-O
bonding)'**** confirm the formation of the phosphorus-rich
char layer. For EP2-EP4, apart from the absorption peaks
similar to those of EP1, new weak absorption bands appear at
550-600 and 430-460 cm ', attributed to O-P-O bending and
Fe-O vibrations in metal phosphate compounds.®** These
features verify the generation of metal-phosphate compounds
within the char structures. Moreover, additional bands detected
at 714-747 em ™! correspond to P-N-C bonding,” implying that
the P-N-C char structure of the nanocomposites is formed and
effectively stabilized at elevated temperatures owing to the
presence of thermally stable metal phosphates. In the case of
EP5, noticeable changes are observed compared to EP2-EP4.
Specifically, the peak intensity associated with the aromatic
carbonaceous structure at about 1586 cm™' (C=C in aromatic
ring) significantly diminishes, whereas the signals corre-
sponding to metal phosphates at 1093, 957, and 572-528 cm ™"

47596 | RSC Adv, 2025, 15, 47587-47600

become sharper and more intense. These observations indicate
that metal phosphate species dominate the composition of the
EP5 char structure.

As shown in Fig. 9b, the XRD pattern of EP1 residue exhibits
no distinct diffraction peaks, suggesting that the char is
predominantly amorphous in nature. Meanwhile, the broad
peaks at 26 ~29.61° and 30.40° in the XRD patterns of EP2 and
EP3 residues can be assigned to characteristic reflections of iron
phosphate species, including iron metaphosphate (Fe(POs),,
ICDD PDF # 00-030-0660), iron tetraphosphate (Fe,P,0;,, ICDD
PDF # 01-076-0223), and iron pyrophosphate (Fe,P,0,, ICDD
PDF # 01-072-1516), with Fe,P,0, being the predominant phase.
Other diffraction peaks of these phosphates may be obscured by
the high background of the amorphous char. The findings
reveal that the spherical particles covering the surface of the
intumescent char layers are the mixture of the thermally stable
phosphate compounds. As the MOF-DOPO content in the
nanocomposite increases, the diffraction peaks of phosphate
species in the char matrix become shaper and more intense.
The spherical particles on the surface of EP, and EP5 remain
composed of multiple phosphate phases; however, Fe,P,0;,
and Fe(POj3), are predominant compared to Fe,P,0;.

According to the above analyses of the morphology and
composition of char residues, combined with previous reports,
a plausible synergistic flame-retardant mechanism of
APP@UMF and MOF-DOPO in the epoxy nanocomposite is
illustrated in Fig. 10. Initially, the degradation of the UMF shell
layer and amine curing agents releasing a large amount of
nonflammable gases (NHj, CO,, and H,0), which dilute the
oxygen concentration and cool the combustion zone. Concur-
rently, the decomposition of DOPO moieties generates
phosphorus-containing radicals (HPO’, PO’, and PO;) that
effectively capture high-energy flame-propagating radicals (H',
HO', and O°), thereby suppressing the gas-phase combustion
reactions. Meanwhile, the pyrolysis of DOPO and APP produces
phosphoric acid and its derivatives (pyro-, ultra-, and poly-
phosphoric acids), which can catalyze the dehydration, esteri-
fication, and aromatization reactions of the epoxy matrix,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Possible flame-retardant mechanism of epoxy hanocomposite containing APPQUMF and MOF-DOPO.

promoting the formation of a phosphorus-rich aromatic char
layer. The evolved noncombustible gases simultaneously act as
blowing agents, promoting the expansion and intumescence of
this protective char layer. Acting as a thermal and mass transfer
barrier, this carbonaceous layer insulates the underlying poly-
mer and mitigates further degradation. Moreover, the phos-
phoric species react with iron oxides formed from
decomposition of MOF to generate thermally stable iron phos-
phate compounds, such as Fe,P,0,, Fe,P,0;,, and Fe(POs3),.
These inorganic species form a particulate network that covers
the surface of the intumescent char layer, enhancing its
compactness and continuity. The resulting iron phosphate
network not only reinforces the mechanical strength of the
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Fig. 11 The mechanical properties of EP and its composites.
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intumescent char but also imparts a “lotus-leaf effect”, limiting
direct flame impingement on the substrate. Consequently, the
condensed-phase flame retardancy of the nanocomposite is
greatly enhanced.

The combination of 1 wt% MOF-DOPO and 9 wt%
APP@UMF is identified as the optimal formulation for achieve
a strong synergistic flame-retardant effect, endowing the EP3
nanocomposite with superior fire resistance. In contrast,
a higher MOF-DOPO loadings (3-5 wt%) consumes excessive
phosphoric species for the formation of metal phosphates,
which hinders the development of the intumescent char struc-
ture (as observed in Fig. 7), leading to a decline in the overall
flame retardancy efficiency.

3.6 Mechanical properties

The mechanical properties of epoxy and its composites were
evaluated by tensile and unnotched Izod impact tests. The
detailed parameters, including tensile strength, Young's
modulus, and impact strength, are displayed in Fig. 11. For EP1,
its Young's modulus increases owing to the presence of rigid
inorganic filler; in contrast, tensile and impact strengths
significantly reduce. Specifically, tensile and impact strengths
of EP1 are 46.67 MPa and 11.43 K] m~ 2, which are much lower
than those of EPO by 44.23% and 75.11%, respectively. In
general, the addition of APP@UMF negatively impacts the
mechanical properties of the EP matrix. Although encapsula-
tion with UMF resin enhances the compatibility of APP within

the epoxy matrix, noticeable agglomeration of the
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Fig. 12

microparticles can still be observed (Fig. 12a-e). Moreover, the
relatively large particle size of this filler further compromises
the mechanical performance of the composites, which hinders
efficient stress transfer and induces brittleness in the polymer
network. The partial substitution of APP@UMF with Fe-MOF-
NH, or MOF-DOPO leads to an improvement in the mechanical
properties of the APP@UMEF/EP composite, and the reinforcing
effect is more pronounced in the case of MOF-DOPO. Specifi-
cally, relative to EP1, the tensile and impact strengths of EP2
increase moderately by 17.33% and 47.78%, while those of EP3
exhibit substantial improvement of 30.6% and 84.78%,
respectively. These results can be attributed to the slight
agglomeration of unmodified Fe-MOF-NH, nanoparticles, as
observed in Fig. 12b and c. In contrast, MOF-DOPO displays
a more homogeneous distribution within the epoxy matrix
(Fig. 12e and f). Among the nanocomposites loading varying
MOF-DOPO contents, EP4 demonstrates the optimal balance,
achieving tensile strength of 61.74 MPa and impact strength of
21.85 K] m 2. It is also noteworthy that the incorporation of
MOF or MOF-DOPO has little influence on Young's modulus,
which changes insignificantly compared to the EP1 composite.
These findings suggest that MOF-DOPO not only enhances the
flame retardancy but also reinforces the mechanical integrity of
the epoxy composites, highlighting its potential for the devel-
opment of high-performance flame-retardant nanocomposite
materials.

4. Conclusions

In summary, Fe-MOF-NH, was successfully modified with
DOPO through a chemical grafting method, yielding a grafting
degree of 7.66 wt%. Subsequently, MOF-DOPO and APP@UMF
were incorporated into the epoxy resin to prepare flame-
retardant nanocomposites. The formulation containing 1 wt%
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MOF-DOPO and 9 wt% APP@UMTF exhibited the most effective
synergistic performance, achieving a high LOI value of 37.3%
and a UL-94 V-0 rating. Thorough analyses of the char
morphology and composition revealed that the flame-retardant
synergism between MOF-DOPO and APP@UMF occurred in
both gas and condensed phases. In the gas phase, the flame was
inhibited due to the combined effects of radical quenching by
DOPO-derived phosphorus radicals, as well as the dilution and
cooling effects of the nonflammable gases released from the
decomposition of MOF and APP@UMEF. In the condensed
phase, a phosphorus-rich intumescent char layer acts as
a particulate network of thermally stable iron phosphate species
(Fe,P,0;, Fe,P,04,, and Fe(POj),) not only enhanced the
compactness and continuity of the char layer but also imparted
a “lotus-leaf effect”, effectively hindering direct flame contact
with the underlying polymer matrix, thereby suppressing
further effective insulating barrier. Moreover, the formation of
the combustion. In addition, the presence of MOF-DOPO
substantially alleviated the adverse impact of APP@UMF on
the mechanical properties of the epoxy matrix. Therefore, the
combination of MOF-DOPO and APP@UMTF offers a promising
strategy for manufacturing high-performance  epoxy
nanocomposites.
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