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ered a-MnO2 hybrid flame
retardants: preparation and their performance in
the flame retardancy of epoxy resins

Xiaodong Qian, Congling Shi* and Jingyun Jing

In this paper, CNT modified layered a-MnO2 hybrid flame retardants (a-MnO2–CNTs) were synthesized

through one-pot preparation. The structure and composition of the a-MnO2–CNTs hybrid flame

retardants were investigated by X-ray diffraction, TEM and SEM. Subsequently, the a-MnO2–CNTs

hybrids were then incorporated into epoxy resin (EP) to improve the fire safety properties. Compared

with pure EP and the composites with CNTs or a-MnO2, EP/a-MnO2–CNTs composites exhibited

improved flame retardancy and smoke suppression properties. With the incorporation of only 2.0 wt% of

a-MnO2–CNTs hybrid flame retardants, the peak heat release rate and total heat release of the

composites showed 34% and 10.7% reduction respectively. In addition, the volatile gases such as CO and

CO2 were reduced and the smoke generation was also effectively inhibited. The improved fire safety of

the composites is generally due to the network structures and the synergistic effect of a-MnO2 and

CNTs, the catalyzing charring effect, smoke suppression and the physical barrier effect of a-MnO2

nanosheets.
1. Introduction

Incorporating nano-llers into polymers is an effective method
to improve the re safety of polymer materials. Due to the
incorporation of inorganic nano-llers, the properties of the
composites such as thermal stability, ame retardant proper-
ties, smoke suppression performance and mechanical proper-
ties are improved signicantly.1–3 The nano-llers such as
carbon nanotubes (CNTs), nanoclays and graphene have been
widely investigated due to their superior mechanical strength,
conductivity, mechanical and thermal properties.4–6 Among
various nano-llers, CNTs are the ideal nano-llers for
improving the properties of the polymer nanocomposites. The
structures, topology and dimensions of CNTs can impact the
nanocomposites with great improvement of the mechanical
properties, thermal stability, electrical conductivities and re
safety.7

The incorporation of CNTs into the polymer materials
usually improves the ame retardant performance of the
composites. The main reason for the improved ame retardant
performance of the composites is attributed to the improved
thermal stability of composites by their good heat resistance.
Moreover, Kashiwagi's research found that CNTs can form
a jammed network structure in the polymer matrix and give the
nanocomposites with improved ame retardant properties.8
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Moreover, the dispersion of CNTs in the composites affects the
re safety and mechanical properties of the composites, but the
strong van der Waals force among the CNTs usually results in
the agglomeration of CNTs in the polymer matrix, which limits
the properties improvement of the composites.9,10 Generally, the
dispersion of CNTs in the composites inuence the properties
of the composites greatly, the surface modication of CNTs
plays an important roles in the production of polymer
composites.

As for the modication, the acid such as HNO3/H2O2 and
HNO3/H2SO4 are usually adopted to treat CNTs, and the CNTs
will get functionalized group such as –COOH or –OH. The
covalent bonding of CNTs can be achieved by the reaction
between the organic group and –COOH or –OH on the surface of
CNTs.11,12 Another class of ame retardant nano-additives are
2D nano-additives, taking molybdenum sulde, graphene and
MMT for example. Among various 2D nano-additives, the
structure of a-MnO2 nanosheet has attracted great attention
due to its high specic area, ultrathin thickness, strength and
resilience.13,14 Manganese is a typical transition metal element.
It is found that manganese compound is a good catalyst such as
the application in organic catalysis, and it is also reported that
manganese compound has good catalytic charging effect. As
a typical transition metallic oxide, a-MnO2 nanosheet also has
the effect of restraining the smoke, which is an good nanollers
in the ame retardancy of polymer materials.15,16 However,
similar to the CNTs, the dispersion of a-MnO2 nanosheets in
the composites is the key point of the ame retardant efficiency.
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra03654d&domain=pdf&date_stamp=2020-07-21
http://orcid.org/0000-0002-5606-085X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03654d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010046


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

31
:3

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The composites based on the nano-llers polymer which
contains two or three nano-llers has attracted great attention
due to their synergistic ame retardant effects. The network
structures of CNTs impart the polymer materials with excellent
mechanical, electrical, thermal properties and re-resistant
properties, but the CNTs usually agglomerate in polymer
matrix. a-MnO2 nanosheet is a good catalyst and has catalytic
charring and smoke suppression effects due to its layered
structure. It's reported that the layers materials/CNTs hybrids
have good ame retardant efficiency due to their synergistic
dispersion effects.17,18 Therefore, the a-MnO2 nanosheet formed
aer CNTs hybrids run through to a-MnO2 nanosheet can
improve the dispersion of CNTs and a-MnO2 nanosheet in the
polymer matrix. Moreover, the compact network structure can
also play the good synergistic role in improving the re safety
properties of the composites.

In this manuscript, CNTs modied layered a-MnO2 hybrids
ame retardants (a-MnO2–CNTs) were prepared through one-
pot preparation. The hybrids ame retardants were then
introduced into EP matrix and the thermal stability, ame
retardant and smoke suppression properties of the composites
were investigated. The a-MnO2–CNTs hybrids ame retardants
exhibit a great improvement on improving the re safety of
epoxy resins.
2. Experimental
2.1 Raw materials

Epoxy resins (E-44, epoxy value is 0.44 mol/100 g, bisphenol A
epoxy resins) were purchased from Hefei Jiangfeng Chemical
Industry Co. Ltd. Potassium permanganate (KMnO4), H2O2

(30 wt%), manganese sulfate (MnSO4$H2O) were supplied by
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). 4,4-
Diamino-diphenyl methane (DDM) was supplied by Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). Moreover, carbon
nanotubes (CNTs) was supplied by Chengdu Organic Chemicals
Co. Ltd.
Scheme 1 The preparation process of a-MnO2–CNTs hybrids and its po

This journal is © The Royal Society of Chemistry 2020
2.2 Preparation of a-MnO2 (Mn) and a-MnO2–CNTs hybrids
ame retardants (Mn–CNTs)

The a-MnO2 nanosheets (Mn) were prepared according to the
previous work.19 In typical procedure, 24 mL of 1.0 M tetrame-
thylammonium hydroxide, 4 mL of 30 wt% H2O2 and 30 mL of
deionized water were mixed and then the mixtures were poured
into 40 mL of 0.3 MMnCl2 aqueous within 15 seconds. The dark
brown mixtures were stirred overnight at ambient temperature.
Then, the mixtures were ltered and washed with deionized
water for three times, and the products were dried at room
temperature for further use. Then the a-MnO2 nanosheets
named Mn were obtained.

The preparation processes of a-MnO2–CNTs hybrids ame
retardants (Mn–CNTs) were prepared as follows: 24 mL of 1.0 M
tetramethylammonium hydroxide, 4 mL of 30 wt% H2O2, 30 mL
of deionized and 0.2 g of CNTs were mixed and then the
mixtures were poured into 40 mL of 0.3 M MnCl2 aqueous
within 15 seconds. The black mixtures were stirred overnight at
ambient temperature. Then, the mixtures were ltered and
washed with deionized water for three times, and the products
were dried at room temperature for further use. The product
named Mn–CNTs was obtained. The preparation process of
a-MnO2–CNTs hybrids ame retardants are shown in Scheme 1.

2.3 Preparation of the composites

The preparation of epoxy composites with only 2 wt% Mn–CNTs
content was as follows: epoxy resins (100 g) and Mn–CNTs (2.4 g)
were mixed and the mixtures were added into a 250 mL three-
necked ask equipped with a magnetic stirrer. The temperature
of the mixture was increased to 100 �C and kept stirring for 3
hours, and DDM (21.7 g, meltdown) was added into the mixtures.
The mixtures were then cured at 100 �C for 2 hours and then
150 �C for 2 hours. Aer that, the samples were cooled to room
temperature and the EP/Mn–CNTs composite was obtained.
Pristine EP/CNTs and EP/Mn composites at the ame retardants
loading of 2 wt% were also prepared under the same processing
conditions. The composition of resins is presented in Table 1 and
lymer composites.

RSC Adv., 2020, 10, 27408–27417 | 27409
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the synthesis of EP/Mn–CNTs composites is illustrated in Scheme
1.
2.4 Characterization

The wavelength range of the FTIR spectroscopy was 4000–
500 cm�1. The instrument was recorded with Nicolet 6700 FT-IR
spectrophotometer and the thin KBr slice was used.

The structures of CNTs as well as the nanocomposites were
investigated by transmission electron microscopy (TEM) (JEOL
JEM-2100 instrument).

TGA Q5000 IR thermal gravimetric analyzer (TA Instruments)
was adopted to investigate the thermal stability of the
composites. Through the thermogravimetric analysis (TGA) test,
about 4–10 mg of samples was heated from room temperature
to 800 �C.

The ammability of the samples was investigated by cone
calorimeter according to ISO 5660 and the heat ux is 50 kW
m�1. The dimensions of the samples are 100 � 100 � 3 mm3.
Each sample is tested for three times and the average one is
adopted in the manuscript. The surface structures of the
composites and the char layers are investigated by scanning
electron microscope (SEM). The samples were coated with gold
layer.

Raman spectroscopy measurements of the char layers were
investigated by SPEX-1403 laser Raman spectrometer (SPEX Co.,
USA) at room temperature.
Table 1 The corresponding data of TGA for pure EP and its
composites in nitrogen atmosphere

Samples FRs contents T�10%/�C Tmax/�C
Char residues
at 700 �C/%

EP 0 386 399 13.9
EP/CNTs CNTs: 2% 382 397 16.5
EP/Mn a-MnO2: 2% 355 373 17.5
EP/Mn–CNTs a-MnO2–CNTs: 2% 359 363 18.9

Fig. 1 The XRD result of CNTs, a-MnO2 and a-MnO2–CNTs.

27410 | RSC Adv., 2020, 10, 27408–27417
3. Results and discussion
3.1 Characterization of a-MnO2 and a-MnO2–CNTs hybrids

Fig. 1 shows X-ray diffraction pattern of a-MnO2, a-MnO2–CNTs
hybrids and CNTs. As for peaks of CNTs at 25.44� (002) and
42.5� (100), they are attributed to the hexagonal graphite
structure. The characteristic peaks of a-MnO2 nanosheet at
15.51� (001), 19.83� (002), 2.68� (003) and 36.54� (100) (reference
to JCPDS, no. 22-044) indicate that a-MnO2 nanosheets have
been successfully prepared. As for the a-MnO2–CNTs hybrids,
the intensity of CNTs' diffraction peak decreased, indicating the
modication of a-MnO2 nanosheets with CNTs. Moreover, there
are obvious and sharp characteristic peaks at 15.51�, 19.83�,
2.68� and 36.54�, which is diffraction peak related to a-MnO2

nanosheets.19,20 The XRD results indicate that a-MnO2 nano-
sheets and a-MnO2–CNTs hybrids ame retardants are synthe-
sized successfully.

Fig. 2 is the SEM of a-MnO2 nanosheets, a-MnO2–CNTs
hybrids and CNTs. As for a-MnO2, it does not show layered
morphology. As for a-MnO2–CNTs hybrids, the a-MnO2 and
CNTs appear simultaneously in one system, and CNTs disperses
on the surface of a-MnO2. Moreover, it can be found that a-
MnO2 nanosheets are well growing adhered to CNTs.
Combining with the XRD results, it shows that the a-MnO2 and
CNTs have been perfectly combined. The morphologies and
structures of a-MnO2 nanosheets, CNTs and a-MnO2–CNTs
hybrids are further investigated by TEM, as shown in Fig. 3. As
for the TEM of CNTs, the diameter of CNTs is about 10 nm. As
for the a-MnO2 nanosheets, it can be found that the
morphology is the layered structure. The structure of a-MnO2–

CNTs hybrids can be clearly found in Fig. 3, and CNTs nano-
structures are well attached to a-MnO2 nanosheet. The func-
tional groups such as –COOH or –OH on the surface of CNTs
supply the sites interacting with the Mn precursors during the
preparing processes, resulting in good interaction and
compatibility between CNTs and a-MnO2. From the TEM of a-
MnO2–CNTs hybrids at high resolution, the CNTs are growing
into the a-MnO2 nanosheets. Thus, it can be concluded that the
CNTs plays the base role on the growth of a-MnO2 nanosheets,
while a-MnO2 nanosheets play the role in the uniform distri-
bution of CNTs in the epoxy resins. As shown in Fig. 4, the TGA
proles of a-MnO2 nanosheets and a-MnO2–CNTs hybrids
under nitrogen atmosphere are investigated. Both of a-MnO2

nanosheets and a-MnO2–CNTs hybrids have a mass loss at the
temperature range of 200–400 �C. Compared with a-MnO2

nanosheets, a-MnO2–CNTs hybrids exhibit higher char residues
at 400–700 �C, which is ascribed to the barrier effect of a-MnO2

nanosheets and the char reinforcing effect of CNTs.21
3.2 Dispersion state of the ame retardants in EP
composites

The dispersion as well as interfacial interaction between poly-
mer matrix and the nano-llers play important roles in the
property reinforcement of composites materials. The SEM of
the micro-morphology of brittle failure surfaces of the
composites was investigated, as shown in Fig. 5. As for the
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 SEM images of CNTs, a-MnO2 and a-MnO2–CNTs.

Fig. 3 TEM images of CNTs, a-MnO2 and a-MnO2–CNTs.
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surface of EP, the surface is clean and smooth. As for the EP/
Mn–CNTs composites, the fractured surface becomes rough
and several particles can be observed at the surface or embed in
Fig. 4 TGA profiles for CNTs, a-MnO2 and a-MnO2–CNTs under
nitrogen atmospheres.

This journal is © The Royal Society of Chemistry 2020
the matrix. Moreover, it is obvious that there is no agglomera-
tion phenomenon for the CNTs on the brittle failure surfaces of
the composites. Generally, a-MnO2–CNTs hybrids are well
dispersed in the EP matrix, which is due to the fact that a-MnO2

nanosheets and CNTs have synergistic dispersion effect.

3.3 The thermal stability of the composites

The thermal stability of EP and its composites was investigated
by TGA, and the TGA and DTG curves of EP and its composites
in nitrogen atmosphere are shown in Fig. 6 and the corre-
sponding data are listed in Table 1. It can be found that EP have
only one-stage degradation process, that's because the EP
molecular chains decompose as the temperature increase.
When CNTs, a-MnO2 and a-MnO2–CNTs hybrids were intro-
duced into the EP matrix, the thermal stability of all composites
is all improved obviously at high temperature, resulting in
improved residues. For example, the residues for EP/CNTs
composites at 700 �C are 16.5%. However, as those for the EP/
a-MnO2 composites, it increased to 17.5%. When the a-MnO2–

CNTs hybrids were added, the char residues at 700 �C increased
RSC Adv., 2020, 10, 27408–27417 | 27411
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Fig. 5 SEM images of the fractured surface of EP (a), EP/Mn–CNTs composites (b).

Fig. 6 TGA/DTG profiles for EP and its composites as function of temperature under nitrogen atmosphere.
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to 18.9%, which is a great advance. In the previous work, it re-
ported that the transition metal compound can be result in the
early degradation of polymer materials.23,24 In accordance with
the previous reports, a-MnO2–CNTs hybrids ame retardants
can promote thermal degradation of EP composites, resulting
in reduced thermal stability of EP resins. Moreover, the ame
retardants in the composites can also decrease the Tmax slightly.
The EP/a-MnO2–CNTs composites have the lowest T�10% and
Fig. 7 Cone calorimeter test results: HRR and THR curves of EP and its

27412 | RSC Adv., 2020, 10, 27408–27417
Tmax values. Generally, the catalyzing effect of transition-metal
compound and the high thermal conductivity of carbon mate-
rials are responsible for the decreased thermal stability at low
temperature. However, incorporation of either of CNTs and a-
MnO2 will result in higher char residues, indicating that a-
MnO2–CNTs hybrids ame retardants can inhibit the thermo-
oxidative decomposition of epoxy resins and catalyze the
formation of stable char layers at high temperature. Meanwhile,
composites.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Smoke release of EP and its composites during the cone test CO (a), CO2 (b), TSR (c), SEA (d) and TSP (e).
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the improved thermo-oxidative stability at high temperature of
EP/a-MnO2–CNTs composites is ascribed to the network struc-
tures of a-MnO2 and CNTs, synergistic effect between a-MnO2

and CNTs, the catalytic carbonization effect and physical barrier
effect of a-MnO2.

3.4 Fire hazard of EP and its composites

It is obvious that burning polymer could not only release huge
amount of heat radiation but also lots of toxic smokes. The heat
and smoke release are important factors for investigating the
re safety of polymer materials. The cone calorimeter is adopted
to investigate the parameters such as peak heat release rate
(pHRR), smoke production rate (SPR) and total smoke produc-
tion (TSP), CO and CO2 release to evaluate the re safety prop-
erties of the EP.

The HRR and THR curves of pristine EP and its composites
are shown in Fig. 7. The HRR and THR results indicate that the
ame retardant properties of all the samples are improved.
Compared with CNTs, a-MnO2 behave more effectively in
reducing the pHRR value of the composites. a-MnO2 nano-
sheets perform better than CNTs in decreasing the ame
retardancy of EP composites. Moreover, the pHRR value of EP/a-
MnO2–CNTs composites (728 kW m�2) shows a 34.0% reduc-
tion compared with pure EP, which is the best optimal re
safety among all the samples. As for the THR values, it's found
that the EP/a-MnO2–CNTs composites have the lowest values,
which is 10.7% reduction compared with pure EP. Generally,
the composites with good a-MnO2 nanosheet and CNTs
dispersion are likely to form a continuous network structures,
which is suggested by the SEM results.8,25 The combination of
CNTs and a-MnO2 nanosheets can suppress the accumulation
of both compounds in the composites and promote the uniform
dispersion of the two nano-llers in the EP matrix, resulting in
improved the char reinforcing effect of CNT and catalytic
carbonization effect of a-MnO2.
This journal is © The Royal Society of Chemistry 2020
Generally, the releasing of smoke and poisonous gases is
harmful to human health, and smoke and poisonous gases
oen cause death in the re accident. Therefore, reducing the
releasing of toxic and harmful gas is not just scientic but social
as well. The carbon monoxide (CO) releasing, carbon dioxide
(CO2) releasing, smoke production rate (SPR), specic extinc-
tion area (SEA) and total smoke production (TSP) curves of the
composites are shown in Fig. 8. It can be found that the peak CO
and CO2 releasing values of all the composites are reduced.
Among all the composites, EP/a-MnO2–CNTs composites have
the lowest peak CO and CO2 releasing value, indicating the
excellent toxic gas suppression properties of a-MnO2–CNTs
hybrids. Moreover, as for the smoke releasing, the effect of a-
MnO2–CNTs hybrids composites on the reducing the SPR and
TSP is obvious among all the samples. Those indicate that a-
MnO2–CNTs hybrids ame retardants can catalyze the thermal
oxidation of the composites and the carbon formation, which
can be suggested by the TGA and Raman results.

3.5 Char residues of pure EP and its composites

It is well known that the char layers could play an important role
in improving the ame retardant performance; thus it is very
important to measure the char layers so as to investigate the
ame retardant mechanism. As shown in Fig. 9, the char resi-
dues of all the composites aer cone calorimeter tests are
collected, which is used to further explore the ame retardant
mechanism of the EP and its composites. It can be found that
pure EP has few char residues aer the cone test. As for the char
residues of EP/a-MnO2, EP/a-MnO2–CNTs and EP/CNTs
composites, it is obvious that the a-MnO2 nanosheets in the
composites can promote the formation of stable char layers,
attributing to the catalysis effect and barrier effect of MnO2

nanosheets. Moreover, the char layer of EP/a-MnO2–CNTs
composites are stable than those of EP/a-MnO2 composites,
which are due to the good dispersion of a-MnO2 nanosheet and
RSC Adv., 2020, 10, 27408–27417 | 27413
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Fig. 9 Digital photo of the char residues of EP and its composites after the cone test: EP (a); EP/Mn composites (b); EP/Mn–CNTs composites (c);
EP/CNTs (d).

Fig. 10 The SEM and EDS of the char residues of EP/Mn (a) and EP/Mn–CNTs (b) after the cone test.

Fig. 11 FTIR of the char residues of EP and its composites after the
cone test.
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the network structure form by CNTs and a-MnO2 nanosheets.
Moreover, the surface of the char residues of EP/a-MnO2 and
EP/a-MnO2–CNTs composites is covered with yellow substance.
According to the previous report, the yellow substance is due to
the indexed to the formation of Mn3O4.22 Generally, Mn3O4

formed at high temperature can play the roles as the physical
barrier to prevent the further permeation of heat, oxygen and
combustible gases.

Fig. 10 is the SEM and EDS results of carbon residues for EP/
a-MnO2 and EP/a-MnO2–CNTs composites. It can be found that
the whole char layers of EP/a-MnO2 composites are bumpy and
extremely uneven, and the char layers exhibited a state of
looseness. As for the char layers of EP/a-MnO2–CNTs compos-
ites, it can be found that char layer has network structures,
which is due to high thermostability of CNTs, and the Mn3O4

particles. The dispersion of Mn element on the char layers is
determined by EDS, as shown in Fig. 11. Mn is derived from a-
MnO2–CNTs hybrids and it's found that the Mn elements
disperse well compared with char layers of EP/a-MnO2

composites. Thus, the EDS spectrum has further conrmed that
the a-MnO2 nanosheets disperse well in the composites due to
27414 | RSC Adv., 2020, 10, 27408–27417
the present of CNTs in the EP/a-MnO2–CNTs composites.
According to previous reports, CNTs can play its ame retardant
roles through the formation of network-structured protective
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Raman spectra of char residues of EP and its composites.

Scheme 2 The mechanism of a-MnO2–CNTs hybrids in the flame
retardancy of EP.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

31
:3

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
layer.8 Generally, the a-MnO2–CNTs hybrids ame retardants
can catalyze the formation of stable char layers, and the char
layer can effectively inhibit transferring of heat, oxygen and
volatiles, resulting in improved re safety.

The FTIR spectra of the char residues are collected in Fig. 11.
The peaks at 2922 cm�1 and 2847 cm�1 correspond to the
character peaks of alkane. Compared with pure EP, the peaks
appearing at 1380 cm�1 and 1630 cm�1 are assigned to the
vibrations of C]C in the aromatic compounds.26,27 When CNTs
and a-MnO2 nanosheet were introduced into the EP matrix, the
peak at 1630 cm�1 shis to lower wavenumbers.28,29 Raman
spectroscopy is adopted to analyze the composition of carbon
layer, as shown in Fig. 12. The Raman spectroscopy has two
broad and strong peaks at about 1360 and 1585 cm�1, the band
at 1360 cm�1 (the D band) is due to the disordered graphite or
glassy carbon, while the band at 1585 cm�1 (G band) is attrib-
uted to the stretching vibration mode with E2g symmetry in the
aromatic layers of crystalline graphite. Generally, the graphiti-
zation degree of the char layers is estimated by ID/IG (ID and IG
are the integrated intensities of the D and G bands).30,31 The
higher graphitization degree of the char layers usually results in
the lower ratio of ID/IG. As shown in Fig. 11, the sequence of ID/IG
ratio is: EP/CNTs < EP < EP/Mn < EP/Mn–CNTs, those indicate
that the char layers of EP/CNTs composites have the highest
graphitization degree, which are due to the present of CNTs.
The TGA results indicate that a-MnO2 nanosheet or a-MnO2–

CNTs hybrids can catalyze the formation of stable char layers at
high temperature. Thus, based on the Raman and TGA results,
This journal is © The Royal Society of Chemistry 2020
it can be concluded that the a-MnO2 or a-MnO2–CNTs can only
create more glassy carbon during the thermal oxidative degra-
dation process.

Generally, the mechanisms of a-MnO2–CNTs hybrids on
improving the re safety of epoxy resins are as followings: the a-
MnO2 can not only decrease fuel gases diffusion during the
thermal decomposition process of epoxy resins, but also cata-
lyze the formation of stable char layers; the compact network
structure formed by a-MnO2 and CNTs can also suppress the
releasing of fuel gases and toxic gases. Moreover, a-MnO2–CNTs
hybrids combine the advantages of the two nanollers to form
stable char layer structure with large area and heat-resistance,
and those char layers can sever as an effective barrier to
RSC Adv., 2020, 10, 27408–27417 | 27415
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thermal transferring and releasing of organic volatiles, then the
re safety properties are improved. The mechanism is shown in
Scheme 2.

4. Conclusion

To overcome the ammability and smoke toxicity releasing of
epoxy resins, novel a-MnO2–CNTs hybrids ame retardants
were synthesized and epoxy composites at 2 wt% constant
loading were prepared through thermal curing processes. The
structures of a-MnO2–CNTs hybrids ame retardants were
conrmed by TEM and SEM. Moreover, the thermal stability of
the composites was investigated by TGA and the ame retardant
and smoke emission properties of epoxy composites were
studied by cone calorimeter tests. The results showed that the
re safety properties of composites were improved signicantly
specially for EP/a-MnO2–CNTs composites, and the toxic gases
such as CO, CO2 and TSR were reduced obviously. The improved
re safety properties were generally due to the network struc-
tures and the synergistic effect of a-MnO2 and CNTs, the cata-
lyzing charring effect, smoke suppression and physical barrier
effect of a-MnO2 nanosheets.
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