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Abstract Nanoparticles play important roles in
enhancing the thermal-resistance of hosting polymer
resins. Despite tremendous efforts, developing thermally stable methylsilicone resin at high temperatures
is still a challenge. Herein, we report a strategy to
increase the activation energy to slow down the
decomposition/degradation of methylsilicone resin
using synergistic effects between the Co3O4 nanoparticles and the nitrogen doped graphene oxide. The
N-doped graphene oxides composited with Co3O4
nanoparticles were prepared by hydrolysis of cobalt
nitrate hexahydrate in the presence of graphene oxide
and were incorporated into the methylsilicone resin.
Two-stage decompositions were observed, i.e.,
200–300 and 400–500 °C. The activation energy for
the low temperature region was enhanced by
47.117 kJ/mol (vs. 57.76 kJ/mol for pure resin). The
enhanced thermal stability was due to the fact that the
nanofillers prevented the silicone hydroxyl chain ends
‘‘biting’’ to delay the degradation. The activation
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energy for high-temperature region was enhanced by
11.585 kJ/mol (vs. 171.95 kJ/mol for pure resin). The
nanofillers formed a protective layer to isolate oxygen
from the hosting resin. The mechanism for the
enhanced thermal stability through prohibited degradation with synergism of these nitrogen-doped
graphene oxide nanocomposites was proposed as well.
Keywords Methylsilicone resin  N-doped graphene
oxide  Co3O4 nanoparticles  Activity energy 
Synergy effect  Nanocomposite materials

Introduction
Silicone resin matrix composites with high heatresistance, good dielectric properties, low heat expansion coefficient, and light weight have been deployed
in the aerospace, automobile, electronic, and electric
industries, specifically on space shuttles (Anderson
et al. 2006; Iso et al. 2014; Yoon et al. 2015; Gan et al.
2014). With the rapid advancement of national defense
and scientific technology, new emerging aerospace
materials require the resin matrices with high performances, especially heat resistance. However, the low
initial onset thermal decomposition temperature of
common silicone resin of about 200–400 °C makes it
unable to be applied in high-temperature conditions.
To be more specific, the end hydroxyl groups of
polysiloxane silicon molecular chains can be easily
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decomposed at high temperatures. The mechanisms of
these degradation behaviors have been explored. For
example, Sun et al. (2006) studied the thermal
degradation kinetics of poly(methylphenylsiloxane)
containing methacryloyl groups and reported that the
thermal degradation of polysiloxane system underwent two processes, i.e., ‘‘unzipping degradation’’ and
‘‘rearrangement degradation.’’ Both physical and
chemical strategies have been reported to increase
the thermal decomposition temperature. For example,
Fang et al. (2015) prepared allyloxyethoxysilane
modified liquid silicone rubbers by hydrosilylation
reaction and reported an increased decomposition
temperature of 31 and 60 °C at 10 and 20 % weight
loss, respectively.
The reinforcement of polymers has been investigated by using nanoparticles (Tamura et al. 2008;
Weickmann et al. 2010; Schmidt and Giannelis 2009).
The stabilization of silicone resin against thermal
oxidative degradation is most frequently accomplished by incorporating nanofillers such as polyhedral
oligomeric silsesquioxane (Liu et al. 2007), ferric
oxide (Qing et al. 2010), aluminum oxide or zinc oxide
(Yang et al. 2010). Pradhan et al. developed the
multiwalled carbon nanotubes (MWCNTs) and fine
powders of montmorillonite-reinforced silicone rubber, exhibiting a thermal stability improvement by
70 °C corresponding to 10 % weight loss (Pradhan
et al. 2015). Verdejo et al. (2008) reported the cellular
microstructure of porous silicone–graphene nanocomposite foams with the decomposition temperature
increased by 50 °C. Multiscale composite nanoparticles provided some additional benefits to obtain
special properties (Yuan et al. 2012; Ma et al. 2010;
Xu et al. 2008). Graphene loaded with Co3O4 provided
excellent catalytic activity and heat resistance, and
exhibited surprisingly high catalytic decomposition of
ammonium perchlorate arising from the synergism
between graphene and Co3O4 nanoparticles (Yu et al.
2015). The condensation reaction of the terminal
Si–OH groups in the methylsilicone resin caused the
degradation of silicone molecular chains to form
Si–O–Si ring structure. However, the thermal stability
enhancement of methylsilcone resin with nitrogendoped graphene oxide nanocomposites with Co3O4
nanoparticles has not been reported.
In this work, nitrogen-doped graphene composited
with Co3O4 nanoparticles was synthesized and used to
enhance the thermal decomposition temperature of
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methylsilicone resin. The thermal decomposition
mechanism of the modified methylsilicone resin was
studied as well. The increased activity energy of the
decomposition of methylsilicone resin was explained
based on the nanoparticle synergism with graphene.

Experimental section
Materials
Methylsilicone resin solution with 70 wt% in n-butyl
alcohol was purchased from Shanghai Chemicals Co.,
China. Cobalt nitrate hexahydrate (Co(NO)26H2O),
potassium permanganate, concentrated sulfuric acid
(98 wt%), sodium nitrate, N, N-dimethyl formamide,
hydrogen peroxide, ammonium hydroxide (NH3H2O), and ethanol were obtained from Sinopharm
Chemical Reagent Co., Ltd., China. All the chemicals
were used as-received without any further purification.
Preparation of graphene oxide
The chemical exfoliation of natural flake graphite
(Graphite Co. Ltd., Qingdao, China) was performed
using a modified Hummers method (Susanta and Nikhil
2014; Hummers and Offeman 1958), in which a very
long oxidation period was combined with a multicycle
purification process. Typically, 0.1 g graphite powders,
40 mg sodium nitrate, and 5 mL concentrated H2SO4
(98 wt%) were mixed in a flask and stirred in an ice
bath. Then, 0.2 g KMnO4 was added slowly to the
cooled solution under vigorous stirring. After the
addition of KMnO4, the flask was transferred to water
bath of 40 °C and kept there for 30 min. Next, 10 mL
deionized water was added to the brownish gray paste
and the mixture was kept at 98 °C for 15 min. The
whole solution was then mixed with 20 mL deionized
water to dilute it further. Afterward, 240 lL H2O2
(3 wt%) was added to reduce the residual permanganate. The suspension turned light yellow. This
suspension was washed with warm water thoroughly
for several times. The solid was air-dried at 60 °C for
12 h and dissolved in deionized water by sonication for
30 min. An aqueous exfoliated graphite oxide suspension and an N, N-dimethyl formamide solution were
loaded into a glass container. The mixture was
sonicated for 6 h at 0–20 °C. The mixture was separated in a centrifuge, yielding functionalized GO.
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Preparation Co3O4/N–GO hybrid materials (CNG)
GO (20 mg) was collected from aqueous solution by
centrifugation and dispersed in anhydrous ethanol
(60 mL) under sonication for 120 min. The concentration of the final GO ethanol suspension was
*0.33 mg/mL. 12 mL Co(NO)26H2O (0.2 mol/L)
aqueous solution was added to the above solution. To
prepare Co3O4/N–GO hybrid with the addition of
NH4OH (6 mL, 25 wt%) and deionized water (4 mL),
the reaction was maintained at 80 °C for 10 h with
stirring. After that, the reaction mixture from the first
step was transferred to an autoclave for hydrothermal
reaction at 150 °C for 3 h. The resulted product was
collected by centrifugation and washed with ethanol
and deionized water. For comparison, the samples
without nitrogen doping (Co3O4/GO) were also prepared following the same procedures except without
adding ammonia.
Preparation of CNG/methylsilicone resin
The doping content of CNG was 0.5 wt% in the
methylsilicone matrix. The obtained mixture was
poured into a Teflon mold, which was then placed in
an oven for thermal curing at various temperatures
(i.e., 80, 100, 120, and 150 °C) for one hour. A CNG/
methylsilicone resin was obtained after the completion

Page 3 of 11

145

of the curing process. The cross-linked structuremodified methylsilicone was prepared via incorporating the CNG nanoparticles. The main reaction was
hydroxyl condensation between the surface CNG and
methylsilicone. This process is shown in Fig. 1.
Characterizations
The exfoliated graphite, methylsilicone resin, and
modified methylsilicone resin were characterized by
transmission electron microscopy (TEM) (JH-7650,
Japan), high-resolution scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS)
(Quanta 200F, made in the USA), Fourier transform
infrared spectroscopy (FT-IR), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS),
nuclear magnetic resonance (NMR), and thermogravimetric (TG) analysis. The FT-IR spectra were
recorded from 400 to 4000 cm-1 (Nicolet 670,
USA). The XRD data were collected with a Shimazdu
X-ray diffractometer from 3 to 50°. The XPS analysis
of the samples was performed with a VG electron
spectrometer with a resolution of 0.3–0.5 eV from a
monochromated aluminum anode X-ray source with
Ka radiation (1486.6 eV) (ESCALAB Mk II, made in
UK). NMR analysis was performed on nuclear magnetic resonance spectrometer (AVANCE III40) by
dissolving the sample in CDCl3. Thermogravimetric

Fig. 1 The interaction
between the hydroxyl
nanoparticles and the
methylsilicone molecular
chain
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analysis (TGA) was performed on a NETZSCH
thermoanalyzer (STA449C, made in Germany) from
30 to 1000 °C under a nitrogen atmosphere at a
heating rate of 5,10, 20, and 50 °C/min, respectively,
to study the decomposition kinetics.

Results and discussion
Synthesis of Co3O4-N-doped grapheme/
methylsilicone molecular chain
The CNG hybrid materials were synthesized via
hydrolysis, oxidation, and controlled nucleation
growth (Scheme 1). NH4OH was used to adjust the
hydrolysis of Co(NO3)26H2O/ and to obtain CNG.
The Co3O4 nanoparticles were grown on mildly
oxidized GO sheets freely suspended in solution by
hydrolysis and oxidation of Co(NO)26H2O. The
N-doping of GO could afford stronger coupling
between Co and GO in the Co3O4N–GO than in
Co3O4GO. The N-groups reduced GO served as
nucleating and anchoring sites for Co3O4 nanocrystals
owing to the coordination with Co cations. The doped
N-group structure in CNG exists as the structure of the
pyridine or pyrrole, exhibiting a linkage as C–N–Co to
stabilize Co3O4 nanoparticles.

Scheme 1 Synthesis of
Co3O4 decorated N-doped
grapheme (CNG) hybrid
materials

123

J Nanopart Res (2016) 18:145

To confirm the synthesis of CNG hybrid materials,
X-ray photoelectron spectroscopy was used to analyze
this process. From Fig. 2a and Table 1, the N content
is 4.3 % in the sample of Co3O4–N–GO, the C–N
banking (Sahoo et al. 2015) is shown in Fig. 2e. The
high-resolution C1s shows four peaks at 284.7 eV
(C–C), 285.2 eV (C=N), 285.9 eV (C–O) and
288.7 eV (O=C–O) (Naveen et al. 2015). The C–N–
Co peak revealed nitrogen in CNG (Fig. 2c, e). The N
peak revealed pyridinic and pyrrolic nitrogen species
in CNG. Relative to the control Co3O4–GO sample
(without NH4OH), XPS does not show the N peak
(Fig. 2d, f). Detailed information on the elements
oxidation state was obtained from the high-resolution
spectrum of Co2p shown in Fig. 2h. The Co2p spectrum
exhibits two major peaks of binding energy at 780.11
and 795.49 eV, corresponding to Co2p3/2 and Co2p1/2,
respectively (Suryanto et al. 2013). The Co peak in the
N-doped GO/Co3O4 sample is more clearly observed
than that in the Co peak Co3O4–GO sample (without
NH4OH) in Fig. 2g, h. This result further confirms the
success of the N-doping and the formation of the
Co3O4 nanoparticles.
XRD is an effective method for investigating the
interlayer variations and crystalline structure of a
synthesized material. The structural properties of
Co3O4/GO were analyzed and compared with those
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Fig. 2 XPS of a wide scan
of Co3O4/N–GO; b wide
scan of Co3O4/GO;
c deconvolution N1s spectra
of Co3O4/N–GO;
d deconvolution C1s spectra
of GO; e deconvolution C1s
spectra of Co3O4/N–GO;
f deconvolution C1s spectra
of Co3O4/GO;
g deconvolution Co2p
spectra of Co3O4/N-G; and
h deconvolution Co2p
spectra of Co3O4/GO
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Table 1 Percentage of different groups in the Co3O4–N–GO
composites
Sample

Weight percentage (%)
C=C

C–O

C=O

O–C=O

C=N/C–N

GO

29.2

16.6

46.3

8.9

0

Co3O4/N–GO

58.7

12.8

22.4

1.8

4.3

Co3O4/GO

66.5

21.6

6.7

5.2

0

Fig. 3 XRD pattern of a GO; b Co3O4; c Co3O4/GO; and
d Co3O4/N–GO

interlayer spacing of 0.82 nm and indicating the
presence of oxygen-containing functional groups
formed during oxidation. In the case of Co3O4/GO,
Co3O4/N–GO, and pure Co3O4, the patterns show
reflection planes (111), (220), (311), (222), (400),
(511), (440), (533), and (622) at 20, 31, 37, 39, 45, 59,
and 65°, respectively (He et al. 2004; Ito et al. 2015).
More details of bare GO, pure Co3O4, Co3O4/GO, and
Co3O4/N–GO, are shown in Fig. 3. Compared to the
diffraction peak (001) of GO, Co3O4, Co3O4/GO, and
Co3O4/N–GO, the diffraction peak (001) of GO
decreases with the introduction of cobalt oxide in the
composites.
This result signified that Co3O4 has been anchored
on the Go surface. From Scherrer equation D = Kk/
Bcosh, the size of the Co3O4/GO and Co3O4/N–GO
and pure Co3O4 nanoparticles is calculated to be 25.8,
4.8, and 15.2 nm. The N-doping can control the
nanoparticle size of Co3O4/GO.
Raman spectrum was used to analyze the characteristic peaks of graphene and CO3O4/N–GO. The
peak at 1365 cm-1 (D band) is related to the defects
(Fig. 4). The peak at 1595 cm-1 (G band), corresponding to an E2g mode of GO, is related to the
vibration of sp2-bonded carbon atoms. Both D and G
peaks are observed in the CO3O4 –GO sample. It is
obvious that the intensity ratio (ID/IG) for CO3O4/GO
is increased obviously than that for the GO. This result
indicates that GO has been partly reduced to graphene
sheets with decreasing the GO layers and partially
disordered crystal structure (Tang et al. 2008). Moreover, the existing CO3O4 nanoparticles on GO sheets
could increase the disorder degree of the CO3O4/GO.

Fig. 4 Raman spectra of a GO; b Co3O4; c Co3O4/GO; and
d Co3O4/N–GO

of bare GO and pure Co3O4. The Co3O4/GO and
Co3O4/N–GO nanocomposites with different Co3O4
loadings exhibit different XRD patterns. The intensity
of the typical diffraction peak of GO (001) gradually
decreases and the peak of Co3O4 intensifies with
increasing the Co3O4 loading. The GO pattern shows a
characteristic peak at 2h = 10.8°, corresponding to an
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Fig. 6 CNG hybrid materials microstructure of a Co3O4, b Co3O4/GO, and c Co3O4/N–GO

Thus, the intensity ratio (ID/IG) for CO3O4/GO is
higher than that of GO. For the CO3O4 activity model,
the peak at 461 cm-1 is Eg peak, 502 and 605 cm-1
are F2g peak, 670 cm-1 is A1g peak (He et al. 2004).
Compared to CO3O4/GO, the D and G peaks of GO
were not observed in the CO3O4/N–GO sample,
properly due to the fact that the doped N affected the
composite structure of CO3O4/GO (Nie et al. 2013).
Furthermore, FT-IR is another essential tool to
characterize graphene and its CO3O4 composite
materials. Two strong absorption peaks at 660 and
561 cm-1 are clearly observed, Fig. 5, suggesting the

formation of CO3O4 (Fei et al. 2015; Liu et al. 2006).
The peak at 3387 cm-1 is assigned to –OH on the
particle surface. The peaks at 2937 and 1014 cm-1 are
C–C and C–O of Co3O4/N–GO, respectively (He et al.
2004). From Fig. 5b, c, all the peaks of the oxygencontaining functional groups were partly or completely removed, indicating that the GO had been
reduced to graphene. From Fig. 5b, the peaks at 1410
and 1428 cm-1 are pyridine molecular structure. This
result future confirms that the N molecular presents the
structure of the pyridine or pyrrole in CNG (Liu et al.
2006).

Fig. 7 TGA curves of
a methylsilicone, GO,
Co3O4, and CNG-modified
methylsilicone; b CNGmodified methylsilicone at a
heating rate of 5, 10, 20, and
50 °C/min; c Relation curve
between log b and 1/T;
d Kinetic equation thermal
degradation of the CNGmethylsilicone resin
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The growth of Co3O4 nanocrystals on the GO sheets
was confirmed by TEM for the Co3O4 (Fig. 6a),
Co3O4–GO (CG) (Fig. 6b) and CNG (Fig. 6c). The
TEM revealed smaller particles in CNG (4.8 nm in
size, Fig. 6c) than CG (12–25 nm in size, Fig. 6b),
attributed to the NH4OH coordination with cobalt
cations in reducing the Co3O4 particle size.
Co3O4/Graphene nanoparticle synergy effect
on the activity energy of the decomposition
methylsilicone resin
TGA was applied to evaluate the thermal stability of
the CNG—containing methylsilicone resin nanocomposites. The TGA curve of methylsilicone resin
displays two degradation stages, i.e., 200–300 and
400–500 °C (Liu et al. 2007; Lee et al. 2001). At the
first stage, the Si–OH end groups have reacted, both
H2O and small molecules are released. A weight loss
of *20 % should be expected in this process
(Fig. 7a). The main reason for this high weight loss
is the formation of isolated cage-like (CH3SiO3/2)n
structure (Mutin 1999), which leads to a loss of resin,
one of the mechanisms for the formation of cyclics
involving the hydroxyl chain ends and ‘‘biting’’ the
chain a few units back. The second degradation stage
shown between 400 and 500 °C can be easily
explained. The Si-CH3 groups in the resin are
oxidized, with the release of CO2 and H2O while
SiO2 remained in the crucible.
For the CNG-methylsilicone hybrids, the 10 %
weight loss occurs between 400 and 500 °C, implying
that the existence of CNG significantly affects the
degradation of the polymer matrix (Fig. 7a). Since the
CNG can react with hydroxyl-terminated methylsilicone resin by thermally induced OH condensations,
the influence of Si–OH on the thermal stability of
methylsilicone resin was diminished to a certain
extent. The CNG-methylsilicone molecular chain
forms big nanostructures, which restrain the methylsilicone from future degradation.
Degradation kinetics
The heat degradation kinetics, Eq. 1, is developed
based on Ozawa method and Arrhenius equation,
requiring several thermograms (at least four) at
different heating rates. The values of activation energy
(E) values were determined from plots of ln(b(dX/dT))
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against 1/T, obtained from each thermogram at
constant values of X (the decomposition degree of
silicone resin). A set of straight lines was obtained at
different conversions, with the slope of each line being
-E/R. In this case, X = 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6
were chosen to evaluate E1, and X = 0.75, 0.8, 0.85,
0.9, and 0.95 were chosen to evaluate E2 of CNGmethylsilicone. The calculated results are illustrated in
Fig. 7c. The mean values of E1 and E2 were 104.877
and 183.535 kJ/mol, respectively. The thermal degradation activation energy is higher than that of
methylsilicone (E1 and E2 were 57.76 and
171.95 kJ/mol, respectively).
log b ¼ log

AE
0:4567E
 2:315 
RFðaÞ
RT

ð1Þ

The determination of frequency factor
(A) and reaction order (n)
When the function of f(X) is the simplest and most
frequently used model, the pre-exponential factor
(A) and the empirical order of decomposition (n) can
be obtained based on Eq. (1). The values of E1 and E2
were fixed as 104.877 and 183.535 kJ/mol, the values
of A and n can be obtained, from the intercept and
slope of the plot, respectively. The results are shown in
Fig. 7d. The decomposition orders (n) of CNG methylsilicone were 2.3 for the first stage and 6.8 for
the second stage in Fig. 7d. The frequency factor
(A) was 7.23 9 1014 and 7.31 9 1011 s-1 for the first
and second stages, respectively.
Normally, there are two stages for the degradation,
i.e., unzipping and rearrangement degradation. In the
unzipping degradation stage, the degradation can be
described as Eq. 2:


da
12614:51
 ð1  aÞ2:38023
¼ 7:23  1014  exp 
dt
T
ð2Þ
And the degradation for the rearrangement degradation stage can be described as Eq. 3:


da
22075:41
ð1  aÞ6:89597
¼ 7:31  1011  exp 
dt
T
ð3Þ
The reaction order and frequency factor of the
second phase is higher than that of the first phase
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(a)

(b)

(c)

(d)

Silicon

Oxygen

Cobalt

Carbon

Fig. 8 CNG nanoparticle synergy effect on the decomposition
mechanism of methylsilicone resin molecular chains at high
temperature: a methylsilicone resin molecular chain, b condensation of terminal silicon hydroxyl methylsilicone resin
molecular chains at high temperature, c rearrangement degradation of methylsilicone molecular chains at high temperature,
and d the influences of CNG nanoparticle on the decomposition
of the methylsilicone resin molecular chains

(Fig. 7d) due to the CNG nanoparticle synergistic
effects (Fig. 8).
The mechanism of thermal decomposition
for modified methylsilicone resin
The mechanism of thermal decomposition was analyzed based on the steric hindrance, dissociation of
activated Si–OH, and isolation of oxygen and small
activated molecules. First, the activated Si–OH was
dissociated. The degradation of silicone resin occurred
in two different steps, i.e., unzipping degradation and
rearrangement degradation. The unzipping degradation was promoted by the back-biting reaction of
terminal hydroxyl groups, which generated cyclic
siloxane. The rearrangement degradation was caused
by the heterolytic cleavage and rearrangement of Si–
O–Si bonds in the main chains, generating lowmolecular-weight cyclic siloxanes. The initial decomposition temperature and the temperature corresponding to the maximum release energy were decreased
due to the condensation of Si–OH in the methylsilicone resin. The nanostructure was incorporated to the

Fig. 9 29Si NMR spectra of methylsilicone resin, and CNGmethylsilicone resin

methylsilicone resin and caused a decrease in the
content of Si–OH bonds.
Second, the steric hindrance was an important factor
in determining the degradation. The molecular chain of
methylsilicone resin was occupied by the filled nanostructure. Thus, the activation of the molecular chain to
degrade became difficult, and the thermally activated
transport of small molecules was slowed. To enhance
the capacity for molecular motion, energy was provided by increasing the temperature.
At first degradation phase, the nanostructure influenced the thermal decomposition of methylsilicone
resin based on the steric hindrance, i.e., the dissociation of activated Si–OH. The nanostructure prevented
the silicone hydroxyl chain ends ‘‘biting’’ and delayed
the degradation degree; the activity energy was
enhanced by 47.12 kJ/mol.
Third, oxygen atoms and activated molecules were
isolated. The Si–O bonds of methylsilicone resin had a
partial ionic character. The external oxygen atom and
activated molecule attacked the silicon atoms of the
methylsilicone resin at high temperatures, resulting in
the dissociation of the Si–O bond. Methylsilicone
resin was surrounded by nanoparticles, the molecular
structure of methylsilicone resin was protected and
thus benefited the thermal stability of methylsilicone
resin.
At second degradation phase, the nanostructure
formed a protective layer, which isolated the oxygen
atoms. Thus, little CO2 was released and Si–O-Si
structure remained in the system. The activity energy
was enhanced by 11.59 kJ/mol.
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Molecular structure change of modified
methylsilicone resin at high temperature
In order to confirm the molecular structure change, 29SiNMR of the CNG-methylsilicone resin was analyzed
(Fig. 9). The T2 and T3 unit ratio was 1:1.82. In contrast
to the methylsilicone signals, these resonance peaks
shifted slightly to higher frequencies. This very small
chemical shift was due to the conformational changes
around the 29Si nuclei in the T2 and T3 sites. The
decrease in the amount of T2 groups and increase in the
amount of T3 groups were due to the decrease in the Si–
OH content. Based on the 29Si-NMR spectral analysis,
the nanoparticle affected the methylsilicone molecular
structure; larger nanostructure had been formed at the
CNG-methylsilicone molecular chain end.

Conclusions
The nitrogen-doped GO nanocomposites with in situ
formed Co3O4 nanoparticles (CNG) were synthesized
using hydrolysis method. The introduced CNG enhanced
the activity energy of the methylsilicone resin decomposition. The developed strategy has great potential to
restrain the polymer molecular chair end degradation.
The activation energy for the low-temperature region
(200–300 °C) was enhanced by 47.12 kJ/mol (vs.
57.76 kJ/mol for pure resin). The activation energy for
the high-temperature region (400–500 °C) was enhanced
by 11.59 kJ/mol (vs. 171.95 kJ/mol for pure resin). The
mechanism for the enhanced thermal stability through
prohibited degradation with synergism of these nitrogendoped graphene oxide nanocomposites was proposed as
well. Future work will focus on the nanoparticle
component and size effects on other properties such as
mechanics property, and electrical conductivity.
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