
In Situ P‑Modified Hybrid Silica−Epoxy Nanocomposites via a Green
Hydrolytic Sol−Gel Route for Flame-Retardant Applications
Aurelio Bifulco,* Roberto Avolio, Sandro Lehner, Maria Emanuela Errico, Nigel J. Clayden, Robin Pauer,
Sabyasachi Gaan, Giulio Malucelli, Antonio Aronne, and Claudio Imparato*

Cite This: ACS Appl. Nano Mater. 2023, 6, 7422−7435 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Flame retardance of epoxy resins is usually imparted
using suitable additives and/or properly modified curing agents.
Herein, via a two-step green synthetic procedure, the chemical
modification of the epoxy matrix with reactive silicon and
phosphorus precursors is explored to obtain nanocomposites
with intrinsic flame-retardant features. Nanoscale phase separation
occurs in the first step, forming an inverse micelle system in which
polar nanodomains act as nanoreactors for the hydrolysis of silanes
(Si precursors), giving rise to silica lamellar nanocrystals (SLNCs).
In the second step, inside the silica nanodomains, the formation of
stable Si−O−P bonds occurs because the reactivity of phosphoric
acid (P precursor) with the oxirane rings of the polymer chain is
balanced by its tendency to diffuse into polar nanodomains. Intriguingly, the use of phosphoric acid alone in epoxy composite
manufacturing leads to a wormlike morphology of the network, whereas its addition in the presence of silanes results in the
formation of SLNCs with a thinner interlayer distance. The morphology of the hybrid Si/P−epoxy nanocomposites, comprising
organic and inorganic co-continuous phases, can confer, through a prevalent mechanism in the condensed phase, interesting flame-
retardant performances, namely, the absence of dripping during vertical burning tests, the formation of a large amount of coherent
char after combustion, and a remarkable reduction (up to 27.7%) in the peak of heat release rate. The above characteristics make
these nanostructured hybrid materials very promising for the manufacturing of epoxy systems with enhanced fire behavior (e.g.,
coatings, sealants, matrices for reinforced composites), even containing a low amount of specific flame retardants and thus keeping
good viscoelastic properties.
KEYWORDS: sol−gel synthesis, hybrid nanocomposites, epoxy resin, silica nanodomains, phosphorus−silicon interactions,
thermal behavior, flame retardance

1. INTRODUCTION
Epoxy resins are widely used in several applications in the field
of casting, composites, laminates, and electronic components
because of their excellent properties, such as high chemical
resistance and adhesion.1,2 The low fire resistance of these
materials, including the generation of toxic smoke and
flammable gases during combustion, is the most serious
restriction for their widespread application.3−5 The usual
approaches to enhance the flame retardance of epoxy resins
include the addition of reactive or nonreactive flame
retardants, the modification of the polymer matrix with
suitable elements, mainly phosphorus and silicon, and the
use of specific curing agents.6

The depletion of natural sources (including phosphorus)
and the overuse of flame retardants (FRs) are two of the main
challenges that have to be faced.7,8 The in situ generation of
hybrid organic−inorganic phases in epoxy composites is
considered a valuable strategy to improve the fire behavior of
epoxy resins, especially combined with P-based flame

retardants (FRs). This approach, based on sol−gel chemistry,
can result in an even distribution of inorganic nanostructures
anchored throughout the polymer matrix. Thus it allows for
avoiding the use of halogen-containing additives, which
generate corrosive and toxic combustion products,9,10 and
preventing dripping phenomena, even using hardeners with
high flammability (i.e., aliphatic compounds) and low loadings
of P and inorganic fillers (e.g., silica, clay, or metal hydroxide
particles).11−14 Consequently, the use of low quantities of
inorganic fillers facilitates the preservation of the mechanical
performance of the nanocomposite. To obtain such features for
aliphatic epoxy systems without any in situ sol−gel

Received: February 8, 2023
Accepted: April 14, 2023
Published: April 26, 2023

Articlewww.acsanm.org

© 2023 The Authors. Published by
American Chemical Society

7422
https://doi.org/10.1021/acsanm.3c00590

ACS Appl. Nano Mater. 2023, 6, 7422−7435

D
ow

nl
oa

de
d 

vi
a 

L
IB

4R
I 

on
 J

un
e 

8,
 2

02
3 

at
 0

8:
03

:5
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aurelio+Bifulco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roberto+Avolio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sandro+Lehner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Emanuela+Errico"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nigel+J.+Clayden"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robin+Pauer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabyasachi+Gaan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabyasachi+Gaan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulio+Malucelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Aronne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudio+Imparato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.3c00590&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00590?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00590?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00590?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00590?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00590?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aanmf6/6/9?ref=pdf
https://pubs.acs.org/toc/aanmf6/6/9?ref=pdf
https://pubs.acs.org/toc/aanmf6/6/9?ref=pdf
https://pubs.acs.org/toc/aanmf6/6/9?ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.3c00590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


modification, huge amounts of P (from 4 to 6 wt %) and
inorganic fillers (∼15 wt %) together with a strong N−P
synergism are usually required.15−18 On the contrary, the use
of ammonium polyphosphate (APP) or 9,10-dihydro-9-oxo-
10-phosphaphenanthrene-10-oxide (DOPO) derivatives in
combination with the generation of in situ sol−gel silica
nanoparticles in an epoxy matrix led to self-extinguishing
nanocomposites (V-0 rating in UL94 burning tests) with low P
loadings (e.g., 1, 2 wt %), even using isophorone diamine
(IDA) as a cycloaliphatic amine hardener.19,20 However, it
should be underlined that a high weight percentage of
phosphorus-based FR is required to reach such P loadings.

The incorporation of P in an epoxy−silica network may be a
promising strategy to reduce the flammability of aliphatic
systems, preventing the need for a massive amount of FR
additives. The effects of silica-based particles formed into
epoxy resins on their thermal and mechanical properties have
been extensively studied.11,13,14,21 The presence of Si−O−P
bonds in the hybrid polymer may lead to such interesting
advantages as the uniform distribution of phosphorus, and the
formation of Si- and P-containing structures in the char,
resulting in enhanced stability and fire performance.22−24 On
the other hand, clear evidence for Si−O−P bonds in a
polymeric matrix has never been reported until now, even if, in
some works, their presence was hypothesized. Chiang and
Ma25 observed the presence of Si−O-Si and Si−O-C bonds in
a hybrid system obtained by treating a bisphenol A diglycidyl
ether (DGEBA) resin with tetraethyl orthosilicate (TEOS), a
coupling agent (3-isocyanatopropyltriethoxysilane) and dieth-
ylphosphatoethyltriethoxysilane (DPTES), using THF as a
solvent in the hydrolytic process; the resin was cured with 4,4′-
diaminodiphenylsulfone. This hybrid organic−inorganic ma-

terial showed an increase of residual char up to 16.2%, and the
limiting oxygen index (LOI) was raised from 24 to 32% with
respect to the polymer counterpart. Recently, Parida et al.26

obtained hybrid silica nanoparticles using N,N′-bis[4,6-bis-
(diethylphosphono)-1,3,5-triazin-yl]-1,2-diaminoethane as a P
precursor and observed the occurrence of a strong structural
rearrangement of Si units because of the presence of P. Overall,
the in situ growth of Si−P mixed oxide nanostructures into
epoxy resins and the potential role of such phases in
determining the properties and behavior of the composites
appear still largely unexplored.

In this work, a sustainable synthesis strategy is established to
incorporate phosphorus into a hybrid epoxy−silica network
without any use of aromatic precursors and hardeners or toxic
reagents and solvents, employing only ethanol and water and
phosphoric acid as a “green” P precursor. Starting from a route
recently proposed, which allowed obtaining epoxy-based
nanocomposites containing nanodomains of lamellar SiO2
nanocrystals with a multi-sheet morphology,12,27−29 a new
structural modification based on a hydrolytic sol−gel process is
proposed to include phosphorus into silica nanodomains,
obtaining a stable network containing Si−O−P bonds, which is
expected to enhance the fire and thermal performances of the
nanocomposites. It should be underlined that it is a huge
challenge to fulfill this goal for three main reasons: (a) the
difficulty in controlling the phosphoric acid reactivity in the
shortage of an organic solvent; (b) the intrinsic instability of
Si−O−P bonds in an aqueous environment;30−32 (c) the triple
role (reagent, catalyst, and hardener) played by H3PO4. In the
two-step synthetic route presented herein, a hybrid epoxy−
silica matrix is first obtained by the reaction of a mixture of
DGEBA, (3-aminopropyl)triethoxysilane (APTES), and TEOS

Scheme 1. Synthesis Procedure of Si/P−Epoxy Hybrid Nanocomposites and Simplified Representation of Their Possible
Chemical Structures, Focusing on the Epoxy Chains Linked to the Inorganic Nanodomainsa

aStep 1: from the reaction of DGEBA with APTES, followed by the addition of TEOS and hydrolysis at 80 °C, epoxy−silica hybrid chains are
obtained; step 2: the mixture is cooled to room temperature, and an ethanol solution of H3PO4 is added, giving fast reaction with DGEBA and/or
silanes; step 3: the system is cured with IDA, a cycloaliphatic amine. In the illustrated structure, some TN and QN units of Si and Q′N units of P are
indicated; this notation is explained in the text (Section 2.1).
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at 80 °C, and then is mixed with a H3PO4 solution at room
temperature and subsequently cured with an aliphatic hardener
(IDA). Following this strategy, different nanodomains formed
by lamellar silica nanocrystals (grown without surfactant
templates) and P-containing moieties are uniformly dispersed
in the epoxy matrix allowing for the obtainment of a co-
continuous organic−inorganic network. The intrinsic flame-
retardant properties provided by this hybrid nanostructure
open a variety of possible applications in fire-resistant epoxy-
based composites to be used as circuit board substrates (e.g.,
for 5G network) and coatings, among others.

Solid-state NMR, HRTEM, SEM-EDX, and ATR-IR were
exploited to investigate the structural features, morphology,
and chemical composition of the hybrid epoxy nano-
composites. The thermal behavior was studied by thermogravi-
metric (TG) analysis, differential scanning calorimetry (DSC),
and dynamic mechanical analysis (DMA). Pyrolysis-combus-
tion flow calorimetry (PCFC), cone calorimetry, and UL94
vertical flame spread tests were carried out to assess the fire
performances of the obtained nanocomposites.

2. RESULTS AND DISCUSSION
2.1. Synthesis, Structural, and Morphological Char-

acterization. The synthesis of hybrid nanocomposites formed
by an inorganic silica phase dispersed in the epoxy matrix has
been studied widely.33,34 Two main strategies were explored:
(i) the addition of preformed silica nanoparticles to the epoxy
resin as fillers16,35 and (ii) the in situ growth of silica
nanoparticles obtained by the hydrolytic polycondensation of
suitable Si precursors added in the batch in the early stage of
the synthesis (i.e., the so-called one-pot method).9,24,36−38 The
latter strategy requires the use of two Si precursors: a coupling
agent to anchor silicon to polymeric chains, usually APTES,
and the main source of the silica network, usually TEOS. A
synthetic procedure recently proposed allowed obtaining
nanoenvironments formed by silica crystalline multisheets
dispersed in a DGEBA epoxy matrix, keeping the TEOS/
APTES molar ratio equal to 2.3.12,39 The challenge faced in the
current work was the incorporation of phosphorus moieties in
silica-based nanodomains, which competes with its tendency to
react with the epoxy group, using phosphoric acid as a P
precursor. The high reactivity of H3PO4 toward DGEBA, the
presence of water, and the intrinsic hydrolytic instability of Si−
O−P bonds made this task very challenging. We faced these
issues by separating the synthetic route into two steps (see
Scheme 1). In the first step, the hydrolysis of Si precursors in
polar nanoenvironments occurs almost completely as it is
driven by the operating temperature (80 °C) and APTES.
Then, the addition of the H3PO4 solution in ethanol at room
temperature allows the simultaneous incorporation of
phosphorus in both epoxy chains and nanodomains. Finally,
the addition of the curing agent freezes the further evolution of
the system. Keeping the TEOS/APTES molar ratio equal to 2,
different hybrid nanocomposites were obtained, changing the
Si/P molar ratio from 1.0 to 4.0 (see Table 1). Moreover, a
silicon-free sample (i.e., EPO_1P) was also synthesized for
comparative purposes.

The designed modification route complies with several
principles of green chemistry, as the reagents and solvents are
safe and easy to handle, no additives or catalysts are needed,
the silicon and phosphorus contained in the precursors are
completely incorporated into the final product, and the process
occurs in a single batch by simple heating in mild conditions.

29Si, 31P, and 13C solid-state NMR spectra were recorded on
all prepared materials. Cross-linking in the 13C, 29Si, and 31P
NMR spectra can be denoted by the TN, QN, and Q′N
notation, where TN, QN, and Q′N stand for RSi(OX)N(OH)3‑N,
Si(OX)N(OH)4‑N, and OP(OX)N(OH)3‑N, respectively (with
R = alkyl group and X = C, Si, or P). 29Si cross-polarization
(CP) MAS experiments were carried out due to the long T1
relaxation time of 29Si in the solid state. Although it is well
known that experiments in cross-polarization mode mainly
reveal signals of silicon atoms that are directly linked and/or
dipolar coupled to hydrogen, thus precluding a quantitative
analysis, some considerations can be drawn. In Figure S1, the
typical 29Si CP-MAS deconvoluted spectra are shown. Two
groups of resonances are detected in all spectra, which
correspond to Q and T silicon sites.40 A very broad and
complex peak appears in the range from −110 to −90 ppm,
which can be fitted with three lines centered approximately at
−91, −100, and −109 ppm. These resonances can be ascribed
to silicon atoms (structured as (Si-O)2Si(OH)2) characterized
by geminal silanols and labeled as Q2, at −91 ppm; silicon
atoms linked to only one hydroxyl group, (Si-O)3Si-OH,
labeled as Q3, at −100 ppm; silicon atoms connected to four
other silicon tetrahedra (i.e., Si(O-Si)4), labeled as Q4, at −109
ppm. The other group of resonances also appears as a complex
and broad peak in the range from −55 to −70 ppm. It was
deconvolved in three signals that refer to silicon atoms of the
APTES molecules. In particular, the peak at −55 ppm was
assigned to silicon sites, in which one ethoxy group for each
APTES molecule is involved in the condensation reaction to
form an organosiloxane network labeled as T1. The resonances
at −64 and −70 ppm are assigned to silicon atoms, in which
two (T2) or three (T3) ethoxy groups are condensed to form
the network, respectively. Comparing the spectra, a progressive
increase in the Q/T ratio can be observed: it can be correlated
to the increased silicon content in the epoxy materials (Figure
S1 and Table 2). At a higher silicon content, residual unreacted
APTES can be highlighted by the presence of the signal at −44
ppm (Figure S1d,e).

To examine the chemical environment of phosphorus and
provide direct evidence for Si−O−P bond formation, 31P
direct polarization (DP) NMR measurements were performed;
the relative deconvolved spectra are reported in Figure S2. All
31P spectra present a main, complex resonance centered at
about 4.2 ppm, ascribable to the formation of organic
phosphoester groups. This resonance can be fitted by two
lines, at approximately 4.5 and 2.8 ppm, and assigned to mono-
and diester groups, respectively (i.e., Q′1 and Q′2 P sites),
formed by the reaction of P−OH moieties of phosphoric acid
with one or two epoxy rings of DGEBA.41,42 Comparing the
area of these peaks, the diester formation seems to be favored
(Table 2), which points out the possible role of phosphorus as
a co-crosslinker of the epoxy resin.41,43 A representative

Table 1. Nominal Composition of Prepared Epoxy
Nanocomposites

sample Si (wt %) P (wt %) Si/P (mol/mol)

EPO_1Si1P 0.90 1.0 1.0
EPO_1Si0.5P 0.90 0.50 2.0
EPO_2Si1P 1.8 1.0 2.0
EPO_3Si1P 2.7 1.0 3.0
EPO_4Si1P 3.6 1.0 4.0
EPO_1P 0.0 1.0
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illustration of the envisaged inorganic−organic structure of the
studied nanocomposites based on the NMR data is shown in
Scheme 1. It can be noticed that the relative diester/monoester
ratio decreases with increasing the silicon content (Table 2),
possibly because a higher fraction of DGEBA molecules is
functionalized with APTES and thus involved in the formation
of the hybrid epoxy−silica structures. Consequently, the
number of oxirane rings available to react with phosphoric
acid becomes lower.

Interestingly, an additional broad peak was detected and
approximately centered at about −6 ppm in all materials
containing silicon (Figures 1 and S2a−e). This resonance
could be compatible with the formation of mixed Si−O−P
structures even if these latter in inorganic systems produce
signals in a range from −40 to −10 ppm.30,44 The observed
downfield shift suggests the involvement of phosphoesters in
the formation of the Si−O−P structures (for example, mono-
or diphosphate groups condensed with a silanol, giving Q′2 or
Q′3 sites, respectively, as depicted in Scheme 1). To strengthen

this assignment, the 31P DP spectrum of an epoxy-based
material containing only phosphorus (EPO_1P) was also
acquired. In the absence of Si, the very high reactivity of
phosphoric acid toward the epoxy resin gives rise only to
mono- and diester groups, and the lack of resonance at −6
ppm allows for the unambiguous assignment of this peak to the
formation of Si−O−P (Figures 1 and S2f). It should be
underlined that the formation of Si−O−P bonds in the epoxy-
based network should result in the appearance in 29Si solid-
state NMR spectra of signals in the range from −110 to −120
ppm, even if in the presence of a small amount of such bonds
just a slight shift toward upfield in the resonance position
might be seen.30,44 However, due to the wide lines of silicon
and the low signal-to-noise ratio in the spectra, as well as the
lower number of Si−O−P links compared to Q and T sites, the
presence of such resonances cannot be observed.

Finally, 13C spectra (Figure S3) do not evidence any
significant difference in the main carbon resonances between

Table 2. Chemical Shifts, δ (ppm), Estimated Relative Intensities, I, and Full Width at Half-Maximum, FWHM (ppm),
Calculated from Line Fitting of the 29Si CP NMR and 31P DP NMR Spectraa

sample δ 29Si (ppm) I (−) FWHM (ppm) δ 31P (ppm) I (−) FWHM (ppm)

EPO_1Si0.5P −44.0 0.03 3.2 4.46 0.10 1.62
−55.5 0.07 8.6 2.80 0.79 5.62
−64.4 0.41 7.5 −6.50 0.11 7.03
−70.6 0.09 6.2
−91.0 0.07 12.0
−99.7 0.17 6.8

−108.6 0.16 9.0
EPO_1Si1P −55.5 0.03 6.1 4.49 0.13 1.75

−64.7 0.51 7.4 2.60 0.76 5.62
−70.6 0.15 6.0 −6.26 0.11 8.00
−91.1 0.03 7.5

−100.3 0.17 8.0
−108.9 0.11 7.7

EPO_2Si1P −43.7 0.02 1.7 4.58 0.10 1.66
−54.0 0.06 8.6 2.71 0.75 5.72
−64.4 0.44 7.8 −6.56 0.15 7.75
−71.1 0.10 7.2
−91.9 0.06 9.9

−100.1 0.14 5.3
−108.9 0.19 10.0

EPO_3Si1P −44.8 0.04 3.3 4.42 0.19 1.84
−55.5 0.06 10.2 2.82 0.71 5.61
−64.7 0.29 7.4 −6.37 0.10 7.45
−70.2 0.14 9.3
−91.1 0.08 11.1

−100.0 0.22 7.4
−108.8 0.17 8.4

EPO_4Si1P −44.3 0.14 3.4 4.41 0.20 1.85
−55.1 0.09 11.3 2.89 0.70 5.33
−64.2 0.25 7.3 −6.40 0.10 7.56
−70.6 0.06 9.3
−92.0 0.09 11.3
−99.7 0.22 7.7

−109.0 0.15 7.5
EPO_1P 4.05 0.14 1.36

2.69 0.86 5.50
aStandard errors for peak position (δ) are less than 0.6 ppm (29Si) and 0.03 ppm (31P); for FWHM, they are less than 1 ppm (29Si) and 0.07 ppm
(31P); for the relative intensities, they are less than 0.1 (29Si) and 0.02 (31P). Higher errors for 29Si parameters are due to the low signal/noise ratio
in 29Si spectra.
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the nanocomposites and the neat epoxy system prepared as a
reference, likely due to the low amount of Si and P added.

ATR-FTIR spectra (Figure S4) confirm the consistency of
the nanocomposite structure. In all of the analyzed samples,
the band at 914 cm−1, corresponding to the stretching of the
oxirane rings of bare DGEBA, disappeared, and a broad O−H
stretching band around 3400 cm−1 showed up, confirming the
effective and complete curing of the resin. The spectra of
hybrid nanocomposites show a band centered at 1085 cm−1,
characteristic of Si−O bond stretching, whose intensity grows
with increasing Si content. Phosphorus-related features can be
seen as weak stretching bands at the same wavenumber (P−O
bonds around 1085 cm−1) and at 960 cm−1 (attributed to P−
O−C linkages),45 whereas other bands associated with silicate
and phosphate units are not detectable, being overlapped with
intense bands of the resin network.46

According to the above NMR analysis, the intensity of the
resonance assigned to Si−O−P bonds does not change
significantly with the Si/P content, reaching the highest
value in EPO_2Si1P (see Table 2), excluding the possibility of
forming more Si−O−P bonds with more silicon added.
Consequently, the samples with the higher Si content were
not further investigated.

The morphology of hybrid nanocomposites is displayed in
Figure 1, where some 31P solid-state NMR spectra are also
reported to highlight the relationship between the morphology
and distribution of P units. The lack of silicon does not allow

the formation of crystalline nanostructures in EPO_1P. The
high reactivity of H3PO3 toward the oxirane rings of DGEBA
causes the generation of mono- and diester groups, giving rise
to a peculiar one-dimensional wormlike morphology (Figures 1
and S5). Crystalline nanoenvironments start to appear in the
presence of silicon (see Figure 1 and additional HRTEM
images in Figures S6−S8), confirming that the adopted
synthesis procedure accounts for the occurrence of suitable
conditions for the growth of SiO2 lamellar nanocrystals,
similarly to the liquid crystal templating (LCT) technique, but
without the addition of amphiphilic templates/surfac-
tants.34,47−50 In this case, the polymer matrix acts as an apolar
medium, in which the polar nanodroplets, rich in the inorganic
component, are uniformly dispersed, like inverse micelles. The
presence of phosphorus does not alter the general scheme of
the synthesis but strongly affects the growth of lamellar silica
nanocrystals. Two different sheet thicknesses are clearly seen
for EPO_1Si0.5P, EPO_1Si1P, and EPO_2Si1P hybrid
nanocomposites, namely, 0.36 ± 0.03 nm (d1) and 0.20 ±
0.02 nm (d2). The d1 is very close to the previously observed
values for epoxy−silica hybrids containing no P12 and for
nanocrystals obtained by LCT.34,47−51 The thinner interlayer
distance d2 is likely due to the presence of phosphorus in
crystalline nanoenvironments that originate the formation of
Si−O−P bonds in agreement with the solid-state NMR
analysis (Figure 1).

Figure 1. HRTEM images, 31P solid-state NMR spectra, and EDX maps of representative epoxy composites. The HRTEM of EPO_1Si0.5P,
EPO_1Si1P, and EPO_2Si1P hybrid samples show nanocrystals with lamellar morphology and two different sheet thicknesses, whereas EPO_1P
displays a wormlike morphology. In the 31P solid-state NMR spectra, the fitting curves are reported (green peaks assigned to mono- and
diphosphates, red peak attributed to P−O-Si sites). The EDX maps show the phosphorus distribution for EPO_1P and EPO_2Si1P.
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Despite their hydrolytic instability,30,52 the establishment of
these bonds occurs in the hybrid nanocomposites because the
adopted synthesis strategy allows controlling the reactivity of
both water and H3PO4. In the first step of the synthesis, the
addition of Si precursors to the epoxy resin causes a phase
separation at the nanoscale level, with the formation of an
inverse micelle system, in which polar nanodomains act as
nanoreactors for the hydrolysis and condensation of TEOS,53

originating silica lamellar nanocrystals51 in agreement with the
Q unit distribution revealed by NMR analysis. In the
subsequent step, the high reactivity of phosphoric acid toward
the oxirane rings of DGEBA is partially counteracted by its
tendency to diffuse into nanodomains, which is driven by its
physicochemical affinity with the hydrophilic inner environ-
ment of nanodomains (see Scheme 2). In these nanoreactors,
the Si−O−P bonds are stable mainly because the quantity of
available water, whose total amount accounts for the H2O/
(APTES+TEOS) = 2.7 molar ratio adopted, the water
produced by condensation of silanol groups and the small
amount already present in 85 wt % H3PO4, is insufficient to
complete their hydrolysis as the majority of water is consumed
in the first step for the hydrolysis of Si precursors. The trend of
the intensity of the resonance associated with these bonds (δ at
about −6 ppm) as a function of the P content supports this
interpretation. Further, it does not change doubling the
phosphorus content to achieve that of silicon (EPO_1Si1P),
while it slightly increases doubling the silicon content with
respect to phosphorus (EPO_2Si1P, see Table 2).

This suggests that the amount of Si−O−P bonds is mainly
limited by the P diffusion into nanodomains and, to a lesser
extent, by the total number of nanodomains, which is mainly
controlled by the Si content. On the other hand, the intensity
of this resonance does not change, increasing Si and keeping
the P content constant (Table 2).

The distribution of nanodomain size derived from the
analysis of TEM images is displayed in Figures S9 and S10. For
each interlayer distance, a similar trend with the Si and P
contents was observed. Doubling the phosphorus content,

being equal to that of silicon, produces a wider distribution of
the mean size of nanodomains with the appearance of
nanocrystals ranging from 25 to 35 nm. Conversely, a slight
narrowing of the size distribution was observed, doubling the
silicon content while keeping the phosphorus content constant
(Figures S9 and S10).

The different P distribution in the epoxy matrix for the
EPO_1P and EPO_2Si1P samples is further confirmed by
SEM-EDX maps displayed in Figure 1. In the former sample, P
appears locally concentrated, whereas the presence of silicon
allows a uniform P distribution on a microscopic scale,
corroborating the occurrence of Si−P interactions.
2.2. Thermal and Fire Behavior. DSC curves of the neat

resin and hybrid nanocomposites are displayed in Figure S11.
In the first heating ramp, no exothermic peak is seen in the
examined temperature range for all of the samples, thus
confirming the completeness of the curing process in
agreement with ATR-IR analyses.

Dynamic mechanical analysis was employed for evaluating
the viscoelastic response of the material as a function of
temperature. Glass transition temperature (Tg) values were
evaluated as the temperatures corresponding to the maximum
of tan δ curves (Figure 2a). EPO exhibits a symmetric and
narrow curve with the highest tan δ values (tan δ peak at 94
°C) in comparison with the other samples, indicating that the
application of a load to EPO can be easily dissipated by energy
dissipation mechanisms such as segmental motions, while
another part of the load is stored in the material and will be
released upon removal of the load.54

EPO_1P and hybrid nanocomposites show asymmetric and
wider tan δ curves than EPO due to two co-continuous phases
with different chain mobilities and a broad distribution of
relaxation phenomena.11,38,55 In EPO_1P, two well-resolved
maxima are seen (Tg1 = 94 °C, Tg2 = 107 °C), in agreement
with the structural and morphological analysis reported above.
The interconnected wormlike structure formed by mono- and
diphosphate epoxy chains may stiffen the epoxy system
through the establishment of hydrogen bonds between

Scheme 2. Overall Mechanism Proposed for the Two-Step Synthetic Routea

aA hybrid epoxy−silica matrix is obtained by hydrolyzing a mixture of DGEBA, APTES, and TEOS, followed by the addition of phosphoric acid.
Both silane-epoxy and phosphate-epoxy compounds have amphiphilic characteristics and form nanodomains resembling inverse micelles. These
represent suitable nanoenvironments for the stabilization of Si−O−P bonds and the embryonic growth of a co-continuous organic−inorganic
network consisting of lamellar silica nanocrystals and P-moieties linked to the polymer matrix.
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phosphate-based moieties and hydroxyl groups formed during
the cross-linking process, exhibiting a second glass transition
temperature (Tg2).

24,42,56

In hybrid nanocomposites, a maximum of tan δ occurs at 79
°C (Tg1), together with a small shoulder at about 94 °C (Tg2),
as shown in Figure 2a. This indicates the existence of two co-
continuous phases, as discussed above. The crystalline
nanodomains limit the molecular motion of polymer chains,
resulting in a more elastic response of the material. The
presence of crystalline domains negatively affects the mobility
of polymer chains by disturbing the inter-chain interactions
and curing in the polymer matrix. Thus, the material has a
lower ability to dissipate the energy received from a load
application.57 These observations are in agreement with the
storage moduli (E′) collected as a function of the temperature
and reported in Figure S12. In particular, it is possible to note
that EPO_2Si1P shows the lowest values of E′ in the glassy
state region, likely due to the presence of dangling segments
causing a network loosening effect with respect to the other
nanocomposites, for which E′ values are quite similar.

Therefore, a limited content of the inorganic phase does not
significantly affect the dynamic-mechanic behavior of the
resulting hybrids. Similar results were already observed in
previous research works,11,19,21 where the incorporation of in
situ silica-based phases led to a decrease in the storage
modulus. However, based on the DMA characterization, it may
be argued that the in situ generation of Si/P nanostructures
only marginally worsens the mechanical behavior of the
materials.

TG curves recorded in nitrogen (Figure 2b) and air (Figure
2c) and their first derivative (Figure 2d,e) show that both
pristine EPO and hybrid nanocomposites decompose through
a mechanism similar to that described for epoxy resins cured
with aliphatic amines.24,58,59 The relatively low initial
degradation temperatures (see Figure 2 and T5% values in
Table S1) observed in EPO are comparable with those found
for epoxy-based systems prepared by using similar curing
cycles and showing Tg values in the same range.19,60 In the
nitrogen atmosphere, the main degradation step occurs at
around 350 °C, as for epoxy aliphatic systems.20,58 As

Figure 2. (a) Mechanical damping factor (tan δ) of pristine resin (EPO), modified resin with phosphorus (EPO_1P), and hybrid nanocomposites
(EPO_1Si0.5P, EPO_1Si1P, and EPO_2Si1P), collected as a function of temperature. (b, c) TG curves and (d, e) DTG curves of the same
samples recorded under nitrogen and air, respectively.
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displayed in Table S1, the mass loss of EPO_1P and hybrid
nanocomposites in both nitrogen and air is anticipated with
respect to EPO because of two main reasons: (i) the presence
of nanodomains containing lamellar silica and phosphorus-
based moieties and (ii) the generation of acidic phosphorus
species via decomposition of phosphate groups (i.e., mono-
phosphate and diphosphate species).61 The presence of P and
Si confers acidic characteristics to the epoxy matrix, which
influence the kinetics of the pyrolysis process, catalyzing the
reactions responsible for the release of gaseous species.
However, this effect has a lower impact on the thermal
behavior in air, where the mass losses of hybrid nano-
composites in the first (<400 °C) and second steps (400−600
°C) do not show a significant variation with respect to the
pristine resin (Table S1). On the other hand, the hybrid
nanocomposites exhibit a lower mass loss rate in the second
step than EPO (Figure 2e), which suggests an improved
thermo-oxidative stability of such samples and the formation of
a more stable aromatic char at high temperatures.62 The higher
residue in air exhibited by hybrid nanocomposites with respect
to EPO (Table S1) supports the above interpretation,
confirming the formation of a more resistant char toward
oxidative processes.17,63 EPO_2Si1P shows the highest
residues at 800 °C in both nitrogen and air atmospheres
and, thus, the highest overall thermal stability. In agreement
with NMR analysis, this sample shows the highest percentage
of Si−O−P bonds, which play a key role in the production of a
very stable char in the condensed phase.24,41 Therefore, the
TG results shed some light on the condensed phase
mechanisms that occur during the degradation of hybrid
nanocomposites, revealing an improved thermal behavior
compared to the epoxy resin embedding phosphorus-based
moieties only.

The flammability of pristine EPO and its hybrid nano-
composites was investigated by UL94 vertical flame spread
tests and limiting oxygen index measurements (Table S2). All

samples burned up completely to the holding clamp in a very
short time and thus could not be classified, though their
burning resulted in the production of a very coherent char. The
hybrid nanocomposites produce a continuous char due to the
presence of Si and P in the epoxy matrix, which increases the
melt viscosity of the burning system.16,17 However, the char
produced by EPO_1P was brittle, its backbone flaked, and
dripping phenomena were observed just after the flame
ignition. EPO_1Si0.5P, EPO_1Si1P, and EPO_2Si1P burned
without any dripping and ignition of cotton batting. The
absence of dripping phenomena is highly desirable, as the
drops released during the combustion of a melting polymer
system could trigger a second flame source during a fire
scenario. LOI represents the measure of the minimum
percentage of oxygen that is required in an O2/N2 mixture
to support the candle-like combustion of the polymer-based
material. Table S2 shows that moving from the neat epoxy to
the Si/P−epoxy hybrid nanocomposites, the minimum oxygen
concentration that is necessary to sustain stable combustion of
the specimens after ignition slightly increases, which means
that in situ modified samples have a lower tendency in
capturing the candle-like flame compared to virgin resin. Due
to a higher flammability resistance, the flame released from Si/
P−epoxy hybrid nanocomposites provides lower heat flux than
EPO and EPO_1P during the LOI measurements. These
results agree with the main outcomes of UL94 vertical flame
spread tests.

PCFC and cone calorimetry tests in forced combustion
conditions allow for the determination of different thermal and
smoke parameters, revealing additional aspects of the fire
behavior of the synthesized nanocomposites. The cone
calorimetry tests are performed in an air atmosphere and
simulate a fire scenario starting from a heat radiation source,
where the flammable gases undergo ignition by the application
of a spark. Conversely, PCFC can be considered a nonflaming
test, as the sample undergoes pyrolysis in an inert gas stream,

Table 3. Pyrolysis-Combustion Flow Calorimeter Data for All of the Investigated Samplesa

sample THR (kJ/g) ΔTHR (%) HRC (J/g K) ΔHRC (%) pkHRR (W/g) ΔpkHRR (%) residue (wt %)

EPO 28 ± 0.4 397 ± 25 401 ± 24 5 ± 0.5
EPO_1P 25 ± 1.1 −10.7 331 ± 4.1 −16.6 329 ± 8.1 −9.2 13 ± 0.4
EPO_1Si0.5P 24 ± 0.5 −14.2 335 ± 18 −15.6 340 ± 14 −15.2 13 ± 0.9
EPO_1Si1P 23 ± 0.5 −17.8 322 ± 19 −18.8 324 ± 18 −19.2 16 ± 0.4
EPO_2Si1P 24 ± 0.4 −14.2 296 ± 9.8 −25.4 294 ± 6.3 −26.6 15 ± 0.7

aTHR = Total heat release, HRC = heat release capacity, and pkHRR = peak of heat release rate.

Figure 3. Heat release rate (HRR) of pristine resin (EPO), modified resin with phosphorus (EPO_1P), and hybrid nanocomposites
(EPO_1Si0.5P, EPO_1Si1P, and EPO_2Si1P) measured by PCFC (a) and cone calorimetry (b).
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and subsequently, the volatiles are oxidated at high-temper-
ature in a separate chamber.64,65 The combined use of PCFC
and cone calorimetry allows for obtaining a complete overview
of the flame-retardant mechanisms exerted by flame-retarded
systems during combustion.

PCFC data are summarized in Table 3; the related heat
release rate (HRR) vs temperature curves are displayed in
Figure 3a. Compared to EPO, all of the hybrid nanocomposites
exhibited decreased THR and pkHRR values, as well as
increased residues at the end of the tests. These findings
confirm the flame-retardant action exerted by the hybrid
moieties, which are able to protect the polymer network during
its pyrolysis, slowing down the release of flammable gaseous
products.

The flame-retardant effectiveness of the hybrid structures
was further supported by the results from cone calorimetry
tests (Table 4 and Figure 3b). First, it is noteworthy that all of
the hybrid nanocomposites show an anticipation of time to
ignition (TTI, Table 4) compared to pristine EPO; in
particular, the lowest TTI values were measured for
EPO_1Si1P and EPO_2Si1P (36 and 26 s, respectively, vs
62 s for the EPO sample). This finding can be attributed to the
increased acidic characteristics of the hybrid matrices, which

favor the dehydration processes and in turn accelerate the char
formation during combustion. Furthermore, the shape of the
HRR curves for EPO_1Si0.5P, EPO_1Si1P, and EPO_2Si1P
is broader and more flattened than that of EPO, indicating a
slower heat release over a longer time span (Figure 3b).20,66

Again, the presence of a Si−O−P network leads to an
increased overall thermal stability and the formation of a
hybrid coherent char (Figure 4), acting as a thermal insulating
barrier at the boundary phase during combustion. This char is
enriched of inorganic components (i.e., Si−O−P substruc-
tures), as shown through the comparison of the EDX analyses
carried out on the hybrid nanocomposites before and after
cone calorimetry tests (Table S3). Besides, EPO_1P exhibits
an HRR curve narrower and higher (ΔpkHRR = +16.9%,
Table 4) than that of EPO, which means a large amount of
heat released in a short period of time, despite the larger
amount of char produced by EPO_1P with respect to EPO
(Table 4). The worse fire behavior of EPO and EPO_1P may
be ascribed to different features of the char obtained after cone
calorimetry tests. The char morphology of EPO appears less
compact (i.e., with holes and cracks) and fragmented (Figure
4), resulting quite ineffective in slowing down the heat and
mass transfer during the flaming combustion. On the other

Table 4. Results from Cone Calorimetry Tests for the Investigated Samplesa

sample TTI (s) ΔTTI (%) TTP (s) ΔTTP (%) pkHRR (kW/m2) ΔpkHRR (%) THR (MJ/m2) ΔTHR (%) residue (wt %)

EPO 62 ± 3 100 ± 2 1313 ± 384 65 ± 3 3 ± 0.7
EPO_1P 44 ± 1 −29.1 92 ± 3 −8.1 1536 ± 81 +16.9 64 ± 2 −1.5 8 ± 0.5
EPO_1Si0.5P 38 ± 6 −38.7 91 ± 1 −9.3 1066 ± 122 −18.8 75 ± 6 +15.3 9 ± 0.4
EPO_1Si1P 36 ± 4 −41.9 94 ± 4 −6.2 993 ± 73 −24.3 71 ± 10 +9.1 10 ± 0.3
EPO_2Si1P 26 ± 5 −58.1 93 ± 2 −7.1 949 ± 108 −27.7 63 ± 7 −3.2 12 ± 0.7

aTTI = Time to ignition, TTFO = time to flame out, THR = total heat release, MLR = mass loss rate, HRR = heat release rate, TTP = time to
peak, pkHRR = peak of heat release rate.

Figure 4. Typical SEM images of the residual char obtained after cone calorimetry tests of EPO, EPO_1P, and EPO_2Si1P samples.
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hand, the forced combustion of EPO_1P implies the
decomposition of mono- and diphosphate groups, which
generates phosphorus-based acidic compounds able to catalyze
the degradation of the polymer matrix and boost the release of
flammable volatiles to the flame in the gas phase.67

Such release of pyrolytic gases, rising from the condensed
phase, occurs quickly and exerts enough pressure to break the
coherent and continuous wall of char forming during the
combustion of EPO_1P (Figure 4). This phenomenon, which
was observed during cone calorimetry and UL94 vertical
burning tests, could contribute to rapidly increase the heat
transfer, hence resulting in a huge amount of heat released in a
short time (Figure 3b).

The progressive decrease of the CO/CO2 ratio with
increasing the Si/P content, together with the increase of
residual masses obtained from cone calorimetry tests (Table
S4) and the high retention of both P and Si in the char (Table
S3), further confirm that the flame-retardant mechanism
occurs in the condensed phase of the hybrid nanocompo-
sites.68 Particularly, the CO/CO2 ratio changes from 0.4 for
EPO to 0.1 for EPO_2Si1P, which is characterized by the
largest amount of Si−O−P bonds in the polymer matrix,
suggesting the key role played by these bonds to give a
condensed phase mechanism.

More in detail, during the combustion of hybrid nano-
composites, the silanol groups of Si−O−Si polymeric species,
belonging to the organic−inorganic co-continuous network,
condense with the decomposition products of mono- and
diphosphate groups (i.e., polyphosphoric acids) leading to the
formation of P−O-Si polymeric substructures on a very
abundant char. This latter can provide an effective ceramic
thermal shield, limiting the heat exchange and the transfer of
oxygen between the gas phase and the polymer matrix. Figure
5 shows a simplified representation of the flame-retardant
mechanism playing a key role during the combustion of the
hybrid nanocomposites.

Table S4 shows for all of the investigated samples an
increase in the total amount of released smoke and smoke
extension area, which is linked to higher CO and CO2 yields
compared with EPO. It is reported in the literature that the use
of inorganic flame-retardant systems is not able to reduce
smoke production, for which the use of specific smoke
suppressants (e.g., metal oxides, phosphate-based salts, etc.) is
required. Inorganic flame-retardant systems (e.g., silica nano-
particles, montmorillonite, etc.) improve the fire behavior of

polymer systems through condensed phase mechanisms, which
do not exert any beneficial effect on the amount of high
molecular weight combustion products formed in the gas-
phase combustion process.67,69

3. CONCLUSIONS
A synthetic strategy was established to produce hybrid Si/P−
epoxy-based nanocomposites, in which the inorganic compo-
nent is uniformly dispersed at the nanometric size in the
polymeric matrix. This is obtained by means of a two-step
procedure involving: (i) the formation of silica lamellar
nanocrystals as a result of the hydrolysis reactions of TEOS
occurring within polar nanodomains embedded into an inverse
micelle system originating from phase separation phenomena
and (ii) the formation of stable Si−O−P structures in the inner
of silica nanodomains because of the balance of two
counteracting effects (i.e., the reactivity of phosphoric acid
toward the oxirane rings of the epoxy resin and its tendency to
diffuse into nanodomains, whose total number is mainly
controlled by the Si amount). This chemical modification
strategy represents an environmentally sustainable process
employing inexpensive and safe reagents and solvents and mild
temperature conditions. The resulting hybrid Si/P nano-
composites are formed by two co-continuous phases, i.e., P-
modified silica nanocrystals covalently interconnected with
epoxy chains. Their peculiar morphology accounts for
interesting flame-retardant features, even with Si and P
contents around 1 wt %: no dripping phenomena during
UL94 tests (though the materials were all not classifiable), the
formation of a large amount of coherent and continuous char
both in nitrogen and air atmospheres, and the low CO/CO2
ratio in the smokes obtained by the cone calorimetry tests,
indicating a prevalent condensed phase mechanism.

The above findings suggest considering these hybrid epoxy
systems as suitable matrices for the design of composites with
enhanced flame-retardant features in the presence of very low
loadings of flame-retardant and therefore with a limited
detrimental impact on the mechanical performances of the
final products. The intrinsic fire resistance of these materials
opens some interesting perspectives for their development and
application in several industrial areas, for example, in flame-
retardant coatings, sealants, components of electronic circuit
board substrates, or fiber-reinforced structural composites.

Figure 5. Simplified representation of flame-retardant mechanisms occurring during the combustion of hybrid nanocomposites in an oxygen
atmosphere. In particular: (a) represents the pristine epoxy sample and (b) the hybrid Si/P nanocomposites. The brown region indicates the hot
bulk polymer matrix with rising bubbles (white circles). The black arrows display the direction of flammable gases. The yellow circles illustrate the
in situ generated silica nanoparticles dragged from the inner of the matrix to the char surface. The yellow border line characterizing the black char
represents the ceramic silica layer. The chemical formula shows the P−O-Si polymeric substructures and thus the chemical composition of the
respective residue surface.
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4. EXPERIMENTAL SECTION
4.1. Synthesis of the Nanocomposites. 3-Aminopropyl-

triethoxysilane (APTES, >98%), bisphenol A diglycidyl ether
(DGEBA), tetraethyl orthosilicate (TEOS, >99%), phosphoric acid
(H3PO4, 85 wt % solution in water), deionized water, ethanol (ACS
reagent, anhydrous), and isophorone diamine (IDA) were used as
starting materials. APTES, TEOS, phosphoric acid solution, and
ethanol were purchased from Sigma-Aldrich (Switzerland). DEGBA
and IDA were purchased as a two-component epoxy resin system
(SX10) from MATES S.r.l. (Milan, Italy) and used as received. The
synthetic procedure starts with the formation of the hybrid epoxy−
silica chains according to a procedure previously proposed.20,70

Briefly, DGEBA, APTES, TEOS, and water were mixed at 80 °C for 2
h with the following molar ratios: DGEBA/TEOS ranging from 2.7 to
9.8; TEOS/APTES = 2; and H2O/(APTES+TEOS) = 2.7. The
system was subsequently cooled to room temperature, and a solution
of phosphoric acid and ethanol (EtOH/H3PO4 ranging from 0.7 to
1.3 mol/mol) was added dropwise into the reaction vessel under
stirring. Then, IDA (26 wt % with respect to DGEBA, corresponding
to an IDA/DGEBA molar ratio of 0.5, so to an amine/oxirane groups
equivalent ratio of 0.5) was added and mixed shortly before pouring
the resulting mixture into the mold. The system was cured at 60 °C
for 24 h and then post-cured at 80 °C for 4 h.

Samples of neat epoxy resin and P-modified resin were prepared as
a reference, the former by mixing only DGEBA and IDA, the latter by
adding H3PO4, water, and ethanol to DGEBA before curing. The
acronyms and the compositions of the prepared nanocomposites are
summarized in Table 1. In a typical synthesis, 15 g of DGEBA was
used and cured with 26 wt % of hardener. The DGEBA/IDA ratio was
not changed in the preparation of the hybrid samples due to the low
concentration of APTES and H3PO4 with respect to DGEBA.
4.2. Characterization. Solid-state 29Si, 31P, and 13C NMR spectra

were collected on a Bruker Avance II 400 spectrometer (Bruker
Biospin, Milan, Italy) equipped with a 4 mm broadband magic-angle
spinning (MAS) probe. Powder samples were packed in 4 mm
zirconia rotors sealed with Kel-F caps and spun at 8 kHz. A 1H-29Si
cross-polarization (CP-MAS) scheme was applied to record silicon
spectra, with a 1H π/2 pulse width of 3.9 μs, a contact time of 6 ms,
and a recycle delay of 4 s. High-power proton decoupling was applied
during the acquisition, and 20 000 scans were averaged for each
spectrum. A Direct Polarization (DP) scheme with high-power proton
decoupling was applied to record 31P spectra with the following
parameters: a π/2 pulse width of 5 μs, a recycle delay of 60 s, and
2048 scans. The recycle delay was optimized by comparing spectra
acquired at different delays to ensure complete relaxation of all 31P
signals. 13C spectra were recorded in cross-polarization mode, with a
1H π/2 pulse width of 3.9 μs, a contact time of 2 ms, and a recycle
delay of 4 s, applying high-power proton decoupling during the
acquisition and averaging 10000 scans. Spectra deconvolution was
carried out using Gaussian lines by means of the Thermo Scientific
GRAMS/AI software suite.

A Nicolet 5700 Fourier-transform infrared (FTIR) spectrometer
(Thermo Fisher, Waltham, MA), coupled with a single-reflection
attenuated total reflectance (ATR) accessory, was used to collect
ATR-IR spectra of all of the prepared samples to verify the
completeness of the curing process and the consistency of the
chemical composition. All of the spectra were recorded with a
resolution of 4 cm−1 and 32 scans and the Thermo Scientific OMNIC
Software Suite (v7.2, Thermo Fisher, Waltham, MA, 2005). The
spectra were normalized on some specific bands, mainly 1607 and
1509 cm−1, linked to the C�C bonds of the benzene rings present in
the epoxy resin structure, which are not affected by the curing
reactions.

High-resolution transmission electron microscopy (HRTEM)
images of modified epoxy resin with phosphorus and hybrid
nanocomposites were collected by using a TEM/STEM JEOL JEM
2200 fs microscope working at 200 kV. Before performing the TEM
observation, the analyzed samples were powdered and dispersed in
water, then a drop of the dispersed sample was laid on a Lacey

Carbon film copper TEM grid, which was subsequently dried
overnight in an oven at 40 °C. A population of 90 particles was
selected randomly and analyzed by Image J software to estimate the
particle size and distribution. Image J software was also used to
determine the lattice plane distance from the HRTEM images.

To measure the storage (E′) and the loss moduli versus
temperature, dynamic mechanical analysis (DMA) was performed
with a Q800 TA Instrument (New Castle) in the single-cantilever
configuration on rectangular specimens (size: 35 × 10 × 4 mm3). A
ramp-up of temperature from −30 to 150 °C, at 2 °C/min and 1 Hz
of frequency, was used to characterize the systems. The glass
transition temperature (Tg) of the prepared systems was measured as
the temperature at which the maximum damping occurs (tan δmax).

The morphology characteristic of the residual char after cone
calorimeter tests of pristine resin, modified resin with phosphorus and
hybrid epoxy nanocomposite (EPO_2Si1P) was investigated by
means of EVO 15 scanning electron microscope (SEM) from Zeiss
(Oberkochen, Germany). The microscope was coupled to an Ultim
Max 40 energy-dispersive X-ray (EDX) micro-analyzer, integrated
with AZtecLive software, by Oxford Instruments (High Wycombe,
U.K.).

A NETZSCH TG 209 F1 instrument (NETZSCH-Geraẗebau
GmbH, Selb, Germany) was exploited to carry out thermogravi-
metric (TG) analyses on all of the prepared samples both in nitrogen
and air atmospheres (gas flow: 50 mL/min). The analyses were
performed from 25 to 800 °C at a ramp of 10 °C/min.

A DSC 214 Polyma instrument (NETZSCH-Geraẗebau GmbH,
Selb, Germany) working under a N2 flow (50 mL/min) was used to
perform differential scanning calorimetry (DSC) measurements
according to the following cycle: 1st heating up from 20 to 300 °C at
10 °C/min, cooling down from 300 to 20 °C at −10 °C/min, 2nd

heating up from 20 to 300 °C at 10 °C/min.
The cone calorimetry tests were performed with a cone

calorimeter (Noselab ATS, Monza, Italy) operating with an irradiative
heat flux of 35 kW/m2 (ISO 5660 standard) on specimens (100 ×
100 × 3 mm3) laid horizontally without any grid. The peak of the heat
release rate (pkHRR), heat release rate (HRR), total smoke release
(TSR), average specific extinction area (SEA), and total heat release
(THR) were measured.

Pyrolysis combustion flow calorimetry (PCFC) tests were carried
out on a Fire Testing Technology apparatus (London, UK) and
according to the ASTM D7309 standard. More in detail, in the
pyrolysis zone, ∼7 mg of sample were heated from 150 to 750 °C at a
heating rate of 1.0 °C/s.

UL94 vertical flame spread tests were performed to assess the
flammability of all epoxy-based composite by following IEC 60695-
11-10 on 13 × 125 × 3 mm3 samples.

Limiting oxygen index (LOI) tests were carried out by means of a
FIRE oxygen index apparatus according to the ASTM D2863
standard.
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