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Abstract

A C60-PEI-rGO hybrid was prepared by incorporating the fullerene (C60) on the surface of PEI-modified reduced

graphene oxide (rGO) and then used to modify the epoxy (EP) resin. Subsequently, the structure of GO and C60-

PEI-rGO hybrid were well characterized, showing that the C60 was homogenously anchored on the surface of PEI-

rGO. The flame retardancy, mechanical properties, and thermal stability of as-prepared C60-PEI-rGO/EP nanocomposites

were systematically investigated. Results show that the C60-PEI-rGO hybrid exhibits high flame retarding efficiency for

EP. Specifically, the time to ignition of epoxy increases from 68 to 89 s with the addition of 1.0 wt% C60-PEI-rGO, which

are unusual in polymer nanocomposites. In the meantime, the peaks of the heat release rate and total heat release of

the modified epoxy reduce by 40.0% and 15.6%, respectively. The synergistic flame retardant mechanism of C60-PEI-

rGO to EP is attributed to its unique structure combining both the high efficiency in capturing free radicals by C60, the

barrier effect of layered of rGO and increase of crosslinking density of epoxy. It is shown that the thermal stability and

mechanical properties of epoxy are simultaneously improved with the addition of C60-PEI-rGO. This work may

pioneer a new and efficient method to fabricate fire retardant thermosetting resins with simultaneously other

improved properties.

Keywords: Graphene, Fullerene, Thermosetting resin, Flame retardancy, Mechanical property

Background

Polymeric materials have been widely applied in many

fields such as construction, electrics and electronics, and

coating, due to their lightweight, processing capability,

and versatile properties [1–3]. However, most of poly-

mers are flammable which often causes the safety con-

cern [4]. Therefore, improving the flame retardancy of

polymeric materials has been tremendously demanded.

Comparing with traditional flame retardants, the

nanofillers not only exhibit the higher flame retarding

efficiency for polymeric materials but also keep the other

original properties, even endow polymeric materials with

some special functionalities at the low additions, which

have attracted much attentions [5, 6]. Thereinto, the

flame retarding effects of nanofillers mainly embody

with the remarkable decrease of typical parameter such

as peak heat release rate (PHRR), total heat release

(THR), and total smoke release (TSR), or an increase of

limiting oxygen index (LOI).

However, it is found that the flame retarding effi-

ciency of nanofillers on the thermoplastics and

thermosetting resins are different. With regard to

thermoplastic resins, the nanofillers can show a signifi-

cant improvement on flame retardancy. For example,

Gilman et al. incorporated the surfactant modified

montmorillonite into polypropylene graft maleic anhyd-

ride (PPgMA) by melt blending, and the resultant

PPgMA-MMT (4 wt%) nanocomposite had a 75% lower

PHRR and 49% lower THR than the pure PPgMA, re-

spectively only at the addition of 4 wt%, indicating the

significant improvement on flame retardancy [7]. Also,
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the similar remarkable improvements also were ob-

served in poly(methylmethacrylate) (PMMA)/carbon

nanotube and polypropylene (PP)/graphene nanocom-

posites [8–11] . These nanofillers also had been applied

to modify thermosetting resins for improving their

flame retardancy [12, 13].

However, it is noted that the flame retarding efficien-

cies of these nanofillers in thermosetting resins are not

pronounced as theirs in thermoplastic resins. In our pre-

vious work, graphene oxide (GO) was incorporated to

epoxy resin (EP), and the resultant nanocomposites only

exhibited a decrease of 16% on the PHRR at the 1 wt%

content of GO compare to that of EP [14]. Guo et al.

showed the similar phenomenon in graphene/EP, which

had a decrease of 23% on the PHRR of epoxy at the

1 wt% content of graphene compare to that of EP. The

reasons behind this phenomenon can be explained by

the effect of nanofillers on the crosslinking structure as

well as the roles of nanofillers on combustion of poly-

mer. On the one hand, due to the comparatively high

crosslinking densities of thermosetting resins, the

addition of nanofillers is difficult to significantly change

the crosslinking density which plays a determinate role

in improving the flame retardancy [15, 16]. On the other

hand, the mechanism of nanofillers on flame retardancy

of polymer is singular, which mainly depend on their

barrier effect [17, 18] and then hard to exert high

modified efficiency. Obviously, comparing with these

attractive progresses in thermoplastics, the modified effi-

ciencies of nanofillers in thermosetting resins needed to

be further enhanced. Many efforts have been dedicated

in modifying nanofillers with other flame retardants [12,

19]. For example, Hu and his coworkers modified gra-

phene with octa-aminophenyl polyhedral oligomeric sil-

sesquioxanes (OapPOSS) to obtain the OapPOSS-rGO,

which exhibits remarkable flame retardant effect on

epoxy resin [20]. However, some important index such

as time to ignition (tign) and time to peak of heat release

rate are rarely reported, and the synergistic mechanism

can be further studied.

Recently, fullerene (C60) had been incorporated into

polymer for improving the flame retardancy of polymer

due to its high reactivity towards free radicals which can

act as a radical trapping reagent to delay the thermo-

oxidative degradation of polymer [21–24]. However, C60

nanoparticles tend to agglomeration in polymer due to

its large specific surface area and strong Van de Waals,

which leads to the low flame retardant efficiency. Be-

cause of the same chemical composition, C60 was syn-

ergy with other carbon nanofillers, it not only improves

the dispersion of nanofillers but also combines the rad-

ical absorption of C60 and the flame retardant effect of

other carbon nanofillers such as the barrier effect of gra-

phene, which further enhances the flame retardant

efficiency of C60 [25–27]. Comparing with one dimen-

sion carbon nanomaterials such as carbon nanotube,

graphene shows higher barrier efficiency due to its lay-

ered nanostructure and provides a more active platform

to synergy with C60 [28]. Therefore, it would be interest-

ing if these flame retarding mechanisms of C60 and gra-

phene can be synergistically applied into polymer. Fang

and his coworkers combined GO and C60 to obtain

nanohybrid, and it largely improved the flame retardancy

and thermal stability of HDPE [29]. However, to date, all

these C60-related nanomaterials were incorporated into

thermoplastic resins, while no researcher investigates

their flame retardant effect and mechanism in thermo-

setting resins.

Herein, we designed a graphene-related hybrid (C60-

PEI-rGO) consisting of graphene and fullerene (C60)

through a three-step reaction, and incorporated into

epoxy resin. The loose lamellar and amino-rich structure

of C60-PEI-rGO may not only achieve the ideal disper-

sion of graphene and C60 in epoxy (EP) which will fully

exert the radical absorption of C60, barrier effect of gra-

phene, and increase the crosslinking densities of the re-

sultant nanocomposites, but also may improve other

typical properties of the resultant nanocomposites. It is

believed that this work may pioneer a new and efficient

method to fabricate fire retardant thermosetting resins

with simultaneously other improved properties.

Methods

Materials

Graphite (3000 mesh) was supplied by Aladdin Industrial

Co. Ltd. (China). Sulfuric acid (H2SO4, 98%), sodium

nitrate (NaNO3), potassium permanganate (KMnO4),

hydrogen peroxide (H2O2, 30% aq.), ethanol, dimethyl

sulfoxide (DMSO), toluene, and acetone were commercial

product with analytical grades and used without further

purification. Distilled water was produced in our lab. C60

(purity > 99%) was bought from Henan Puyang Co. Ltd.

Branched polyethlyamine (PEI, 50% aq.) was purchased

from Sigma-Adrich with Mn of of 70,000. Diglycidyl ether

of bisphenol A (DGEBA) was purchased from Shanghai

Resin Factory Co. Ltd. (China). The curing agent diethyl-

toluenediamine (DETDA) was obtained from the Chong-

shun Chemical Co. Ltd. (China).

Preparation of C60-PEI-rGO

Graphite oxide (GO) was prepared using a modified

Hummer’s method from graphite powders as shown in

the Additional file 1 [30, 31]. PEI-modified reduced gra-

phene oxide (PEI-rGO) was prepared by the reaction be-

tween PEI and graphene oxide as shown in the

Additional file 1. After that, PEI-rGO (150 mg) was dis-

persed in DMSO (300 mL) by ultrasonication for

30 min. The PEI-rGO/DMSO solution and 300 mg of
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C60 were added into the DMSO-toluene (350 mL, 4:3, v/

v) solution by ultrasonication; then, the resultant mix-

ture was stirred at 90 °C for 24 h after ultrasonication

for 30 min at room temperature. Finally, the product

was washed with toluene and ethanol sequentially at

least three times followed by drying at 60 °C under vac-

uum for 12 h, designated as C60-PEI-rGO. The prepar-

ation process of C60-PEI-rGO is shown in Scheme 1.

Preparation of EP Resin and Nanocomposites

Appropriate amounts of DGEBA and DETDA with a

weight ratio of 1:0.234 were blended at 100 °C for

15 min with vigorous stirring to obtain a light yellow li-

quid, which was EP prepolymer. And then, the mixture

was thoroughly degassed in a vacuum oven at 110 °C for

30 min, followed by pouring it into a pre-heated (100 °

C) “U”-type mold. Subsequently, the mold was put into

an oven for curing and postcuring following the protocol

of 120 °C/1 h + 180 °C/2.5 h and 190 °C/2 h, respectively;

the resultant resin is a cured EP resin. Appropriate

amounts of PEI-rGO, C60, and C60-PEI-rGO were re-

spectively added into the mixture of EP prepolymer and

ethanol by sonication for 30 min to form a black suspen-

sion, and then, the mixture was degassed to remove ex-

cess solvent at 60 °C in a vacuum oven. After that, the

mixture was cast into a mold for curing and postcuring

via the procedures of 120 °C/1 h + 180 °C/2.5 h and

190 °C/2 h, respectively. Finally, the resultant nanocom-

posites were demolded and coded as PEI-rGO1.0/EP,

C601.0/EP C60-PEI-rGOn/EP, respectively, where 1.0

and n represent the weigh percent of used nanoma-

terial in the resultant nanocomposites (n = 0.4, 0.6,

0.8, and 1.0).

Apparatus and Experimental Method

The morphology and microstructure of as-prepared

nanomaterials and nanocomposites were characterized

by an Atomic Force Microscope (AFM) (Veeco

Instruments, Nanoscope Multimode IIIa, USA), a

Transmission Electron Microscopy (TEM) (JEOL

JEM-2010, Japan), a Scanning Electron Microscope

(SEM) (HITACHI, SU8010/EDX, Japan), a Fourier

Transform Infrared (FTIR) spectrometer (AVA-

TAR360N, USA). Thermogravimetric analyses (TGA)

of nanofillers were performed on a TA Instruments

STA449C (USA) in the range from 25 to 800 °C under

a nitrogen atmosphere with a heating rate of 10 °C/

min, and epoxy and its composites were performed in

the range from 25 to 800 °C under an air atmosphere

with a heating rate of 10, 20, 30, and 40 °C/min. Dy-

namic mechanical analysis (DMA) was performed using

TA DMA Q800 apparatus from TA Instruments (USA)

from 25 to 250 °C with a heating rate of 3 °C/min at

1 Hz. The tensile properties were performed according

to ASTM D638 with a constant speed of 5 mm/min

using a load cell of 1 kN. LOI values were measured on

a Stanton Redcraft Flame Meter (China) according to

ASTM D2863/77. Flammability of the resins was char-

acterized using a cone calorimeter performed in an

Scheme 1 Schematic illustration of the preparation of C60-PEI-rGO

Wang et al. Nanoscale Research Letters          (2018) 13:351 Page 3 of 14



FTT device (UK) according to ISO 5660 with an inci-

dent flux of 35 kW/m2 using a cone shape heater.

Results and Discussion

Characterization of GO, PEI-GO, and C60-PEI-rGO

In general, GO is difficult to disperse well in commonly

used organic solvents [32]. However, in the preparation

of PEI-rGO and C60-PEI-rGO, it is noteworthy that

as-prepared PEI-rGO and C60-PEI-rGO can readily dis-

perse in ethanol and formed the stable colloidal suspen-

sion, which can be attributed to the high compatibility

between PEI and ethanol. The result provides the favor-

able condition for the exfoliation and dispersion of GO

in the preparation of graphene-based nanocomposites.

Moreover, there is a color transformation from yellow

GO in water to black PEI-rGO and C60-PEI-rGO in

ethanol, reflecting that the reduction of GO occurs.

Figure 1 shows the FTIR spectrum of GO, PEI-rGO,

C60-PEI-rGO, and C60. After complexation with PEI, the

intensity of H-bond peak at 3431 cm−1 obviously de-

creases due to the partial reduction of GO by the PEI

molecules, and the characteristic band at 1719 cm−1

completely disappears, along with obvious weakening of

two peaks at 1385 (O–H) and 1058 (C–O) cm−1. The

strong band at 1623 cm−1 in GO is pertinent to the skel-

etal vibration of un-oxidized graphitic domains, which is

replaced by a strong band at 1640 cm−1 that is related to

the formation of amide bonds [33, 34]. In addition, a

new band at 1463 cm−1 (C–N stretching vibration) ap-

pears in PEI-GO due to the coverage of PEI to GO. For

C60-PEI-rGO, four characteristic absorption peaks of C60

at 1426, 1180, 574, and 525 cm−1 and a new peak at

2973 cm−1 (C60–H) reflect the reaction between C60 and

PEI-rGO, since un-reacted C60 were completely removed

by washing the hybrid with toluene several times until

the color of washed solution from aubergine to transpar-

ent under sonication [26].

Figure 2 shows the XPS spectra of the GO, PEI-rGO,

and C60-PEI-rGO. It can be seen that two sharp peaks at

286.7 and 532.6 eV are corresponding to C and O ele-

ments in GO and its hybrids, respectively. The new

sharp peaks at 399.7 eV (PEI-rGO) and 400.1 eV

(C60-PEI-rGO) which correspond to N1s indicate the
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formation of amide bonds after functionalization. The

rough chemical composition of GO and its hybrids are

also showed in Fig 2a. For PEI-rGO, the content of O de-

crease from 28.72 to 14.41 at.% in GO, which is attributed

to the introduction of PEI. In case of C60-PEI-rGO, con-

tent of O and N decrease to 7.74 at.% and 5.71 at.%, re-

spectively, while the content of C reaches 86.55 at.%,

which is an obvious evidence for C60 is introduced to

PEI-rGO. It could roughly calculate that the weight ratio

of C60 in C60-PEI-rGO is ca. 45.4 wt% according to “Mix-

ture Rule” (at.% has been change to wt% in calculation). In

N1s spectrum of the PEI-rGO (Fig. 2b) and C60-PEI-rGO

Fig. 2c), the N1s spectrum of PEI-rGO is fitted to three

peaks at ca. 399.1 eV (accounting for 41.4%), 400 eV (ac-

counting for 35%), and 400.7 eV (accounting for 23.6%),

assigning to the primary amines, secondary amines, and

tertiary amines, respectively. For C60-PEI-rGO, the N con-

tent in tertiary amines and in secondary amines increase

to 26.6% and 43.8%, respectively, while the N content in

primary amines significantly decreases to 29.6%. Based on

the increase of the N content in secondary amines and the

decrease of the N content in primary amines, it shows that

C60 mainly reacts with primary amines to produce sec-

ondary amines, and a small amount of C60 react with sec-

ondary amines to produce tertiary amines, which can be

attributed to the steric effect of C60 and the chemical ac-

tivity of amines.

The morphologies of GO, PEI-rGO, and C60-PEI-rGO

were investigated by AFM and TEM. As shown in Fig. 3,

the size of GO covers 0.2–1 μm and the thickness is ca.

0.9 nm, which indicates GO had been exfoliated and

likely to be in form of single layer nanosheets. After the

coverage of PEI, the thickness of the PEI-rGO nanosheet

increases to ca. 1.5 nm with uniform surface height dis-

tribution. PEI molecules are absorbed on both sides of a

GO sheet, that is, an average thickness ca. 0.3 nm. As

shown in Fig. 4, PEI-rGO nanosheet exhibits a typically

smooth layered structure, while it is interesting to find

that the C60-PEI-rGO has a loose lamellar structure and

ca. 20 nm C60 aggregations are uniformly distributed on

the surface of PEI-rGO. It can be expected that this

loose lamellar structure not only prevents the re-

stacking of hybrid nanosheets during the drying process

and leads to the uniform dispersion of hybrid nano-

sheets in polymer, but also improves the physical inter-

action between C60-PEI-rGO and EP matrix.

The TGA curves of GO and its hybrids are shown in

Fig. 5. The curve of GO shows ca. 4 wt% of weight loss

below 150 °C due to the desorption of the absorbed

water, and ca. 42.9 wt% of weight loss from 200 to 600 °

C which can be attributed to decomposition of oxygen-

containing groups. In the case of PEI-rGO, it can be

seen that the weight loss ca. 15.6 wt% occurs from 100

to 190 °C which due to the decomposition of absorbed

Fig. 3 AFM images of GO (a) and PEI-rGO (b)
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water, and the weight loss stage in 270 to 470 °C (ca.

26.7 wt%) which primary originates from the decompos-

ition of PEI and more stable oxygen-containing groups.

For C60, it shows high thermal stability in nitrogen with

a mass residue of 99.3% at 600 °C. With regard to

C60-PEI-rGO, the degradation rate obviously decreases,

and the mass residue at 600 °C increases to 79.4%, which

shows the highest thermal stability among GO and hy-

brids. By comparing the mass residue of PEI-rGO, C60,

and C60-PEI-rGO, the weight ratio of C60 in C60-

PEI-rGO could be calculated, ca. 55.2 wt%; this result

has 10 wt% difference with the XPS result (45.4 wt%),

but still can consider the weight ratio of C60 in C60-

PEI-rGO is ca. 50 wt%.

Based on the above results, C60-PEI-rGO exhibits

high compatibility with ethanol, leading to better dis-

persion in EP matrix than C60, or GO alone in EP is

successfully prepared by chemically bonding PEI and

C60, and it will finally affect the performance of the

resultant nanocomposites.

The Structure of C60-PEI-rGO/EP Nanocomposites

In general, the structure determines the performance of

a material. Therefore, it is necessary to clarify the struc-

ture of the nanocomposite which involves the macro-

structure such as the dispersion of nanofillers and

micro-structure such as the interfacial interactions and

cross-linking density of matrix.

Functionalizing GO with the group is a wildly used ap-

proach to increase the interfacial interactions between

Fig. 4 TEM images of PEI-rGO (a) and C60-PEI-rGO (b, c, d)
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the GO or graphene and polymer [35]. Herein, the

amine groups in PEI molecules are designed to be intro-

duced on the surface of GO, providing a guarantee for

outstanding flame retardancy and integrated properties.

Neat EP, PEI-rGO1.0/EP, and C60-PEI-rGO0.6/EP can be

observed by SEM images of their fractured surfaces, as

shown in Fig. 6. It can be seen that both PEI-rGO and

C60-PEI-rGO are well dispersed in the EP matrix with-

out any significant aggregation, and show high rough-

ness, indicating the good dispersion of PEI-rGO and

C60-PEI-rGO and strong interfacial interactions with EP.

The modulus of the rubber plateau, a parameter for

polymer networks, is general indication of the degree of

interaction between the polymeric system and the fillers

[36]. As Fig. 7 shows, the C60-PEI-rGO/EP and PEI-

rGO1.0/EP nanocomposite all exhibit higher modulus of

the rubber plateau compare to that of neat EP, indicating

the strong interfacial interaction between EP and hy-

brids. It is noted that the modulus of the rubber plateau

of C60-PEI-rGO1.0/EP nanocomposite is higher than

that of PEI-rGO1.0/EP. It can be explained that the

amine groups of PEI bond with EP during cure process

and act as the coupling points, which increase the

cross-linking densities of nanocomposites, and besides

that, for C60-PEI-rGO, it not only possesses the amine

groups on the surfaces of GO but also has the rough

surfaces which have stronger physical interaction with

Fig. 6 SEM images of cured EP resin and its nanocomposites

Fig. 7 DMA curves of storage modulus (E′) of cured EP resin and

its nanocomposites
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EP as discussed above. Generally, the addition of filler

usually causes the loose stacking of the polymer chains

and finally leads to weak interfacial interactions between

fillers and polymer [37]. However, in this work, the

amine groups in PEI-rGO and C60-PEI-rGO tend to

shorten the distance among cross-linking points which

result in the increase of cross-linking density of

PEI-rGO1.0/EP and C60-PEI-rGO/EP, Moreover, the

rough surfaces of C60-PEI-rGO can enhance the inter-

facial interactions between C60-PEI-rGO and EP by the

physical interactions.

Flame Retardancy and Mechanism of Cured C60-PEI-rGO/

EP Nanocomposites

Cone calorimetry and LOI are two effective methods to

evaluate the flame retardancy of polymeric materials. Fig-

ure 8 shows the curves from cone calorimeter for cured

EP and its nanocomposites, and the typical parameters

and LOI values are summarized in Table 1. It can be seen

that the incorporation of C60-PEI-rGO to EP resin can sig-

nificantly slow down the combustion process. Specifically,

the tign and times to PHRR of C60-PEI-rGO/EP signifi-

cantly increase. Especially, 21-s increment of tign and 28-s

increment of times to PHRR occur in C60-PEI-rGO1.0/EP

nanocomposite compare to those of neat EP, respectively.

Meanwhile, C60-PEI-rGO/EP nanocomposites exhibit the

remarkable lower PHRR and the slight lower THR com-

pare to those of neat EP. Thereinto, C60-PEI-rGO1.0/EP

displays 40.0% and 15.6% reduction in the PHRR and

THR, respectively, comparing to those of neat EP. In

addition, the LOI value of epoxy resin increases with the

addition of C60-PEI-rGO, specifically, the cured C60-

PEI-rGO0.8/EP nanocomposite has the maximum LOI

value, 30.1%, which is about 1.18 times that of neat EP

resin. Moreover, the LOI value of PEI-rGO 1.0/EP and

C601.0/EP are 27.5 and 26.3, respectively, which are lower

than those of C60-PEI-rGO1.0/EP. Obviously, the C60-

PEI-rGO exhibits high flame retarding efficiency for EP.

In addition, it is noticeable that C60-PEI-rGO1.0/EP has a

better flame retardancy than those of PEI-rGO1.0/EP and

C601.0/EP, further demonstrating that a remarkable syner-

getic effect between the functionalized GO and C60 on the

enhanced flame retardancy can be exerted through cova-

lent functionalizing of C60 on the surface of GO by PEI.

As described above, the incorporation of C60-PEI-rGO

into EP resin increases the crosslinking density, which is

an important factor that leads to the improved flame re-

tardancy of C60-PEI-rGO/EP nanocomposites. UL-94 ver-

tical burning results of samples are given in Additional

file 1: Table S1. The flame propagation speed is slightly de-

creased with the addition of C60-PEI-rGO. However, no

samples can achieve a V-1 or V-0.

In order to further confirm the effect of C60-PEI-rGO

on the flame retardancy, the thermal-oxidation stability

of cured C60-PEI-rGO/EP and EP resins were evaluated

because the flame retardancy of a polymer is directly re-

lated to whether the thermal-oxidative degradation step

proceeds easily or not. In detail, thermal degradation

kinetics of original and modified EP resins were calcu-

lated and compared by Kissinger’s method [38]. The

thermo-gravimetric kinetics of a material can be calcu-

lated by Eq. 1:

lnðβ=T2Þ ¼ ð−Ea=RÞð1=TÞ−ln½ARnð1−αÞn−1=Ea�

ð1Þ

where β is the heating rate at the maximum degradation

rate (K/min), T is the temperature at the maximum deg-

radation rate (K), Ea is the activation energy (J/mol), R is

the molar gas constant (= 8.314 J/mol K), A is the

pre-exponential factor (1/s), n is the decomposition

order, and α is the fraction of decomposition.

Four kinds of heating rates (10, 20, 30, and 40 K/min)

were introduced to study the thermal degradation kinet-

ics. Figure 9 shows TG and DTG curves of cured EP and

its nanocomposites. Here, stage 1 and stage 2 are related

to the decomposition of the macromolecular chains, and

the oxidation of char residue, respectively. The relevant

data from TG analyses of cured EP and cured EP nano-

composites at different heating rates in an air atmos-

phere are shown in Table 2. The activation energy (Ea)

can be obtained from the slope (−Ea/R) of ln(β/T
2) vs. 1/

T plot (Fig. 10), and the calculated data are summarized

in Table 3. The addition of C60-PEI-rGO to EP resin sig-

nificantly changes the value of Ea at 1st degradation

stage to varying degrees, and the increments increase

when continuing to increase the loading of C60-

PEI-rGO. However, the value of Ea is while slight varies

at 2nd stage.

The result indicates that the initial thermal degrad-

ation that relate to the decomposition of the macromol-

ecular chains becomes difficult with the addition of
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C60-PEI-rGO. It can be explained that C60 exhibits high

efficiency on capturing radicals which were produced by

the decomposition of the macromolecular chains, and it

needs higher energy to keep decomposition which leads

to the delay of decomposition. Meanwhile, no remark-

able improvements on the value of Ea at 1st degradation

stage by adding C60 alone are observed, which is due to

the low specific interfacial area caused by poor disper-

sion. Obviously, the increased activation energy indicates

that the combustion of epoxy resin is delayed and sup-

pressed with the incorporation of C60-PEI-rGO. How-

ever, as the digital images and SEM images for the char

shown in Additional file 1: Figure S2 and S3, respect-

ively, the weight and microstructure of char are not ob-

viously changed by incorporating C60-PEI-rGO, which is

consistent with the results of cone calorimetry, indicat-

ing that the formation of char is not influenced by in-

corporating C60-PEI-rGO.

Based on the above discussion, a flame retardant

mechanism is proposed as shown in Fig. 11. On the

one hand, as discussed on the structure of EP and its

nanocomposites, the amine groups in C60-PEI-rGO

tend to shorten the distance among cross-linking

points and increase the cross-linking density of the re-

sultant nanocomposites which plays a positive role in

improving the flame retardancy of EP. On the other

hand, the synergy effect of C60 and graphene also plays

the positive role in improving the flame retardancy of

EP. Firstly, C60 aggregations with the size of 20 nm an-

chored evenly on the surface of PEI-rGO and the re-

sultant large specific surface area can take them full

use on trapping radicals and increases the activation

energy of thermo-oxidative decomposition of EP

chains. This effect delays the thermo-oxidative decom-

position of the resultant nanocomposites, which re-

flects in some key index such as the time to ignition.

Secondly, C60-PEI-rGO which possesses a layered

structure acts as a physical barrier that hinders the

transfer of volatile gases and heat. Finally, the combus-

tion of nanocomposite is eased up and then the flame

retardancy of C60-PEI-rGO/EP nanocomposites can be

significantly improved.

Table 1 Selected cone calorimeter data for pure EP and its nanocomposites

Samples tign(s) PHRR (kW/m2) PHRR reduction (%) THR (MJ/m2) Time to PHRR(s) LOI (%)

EP 68 1479 – 101.9 149 25.5

PEI-rGO1.0/EP 65 1268 14.27 97.8 147 27.5

C601.0/EP 72 1341 9.33 100.5 143 26.3

C60-PEI-rGO0.4/EP 76 1270 14.13 95.1 141 28.6

C60-PEI-rGO0.6/EP 82 1085 26.63 91.3 163 29.2

C60-PEI-rGO0.8/EP 84 937 36.65 90.2 163 30.1

C60-PEI-rGO1.0/EP 89 887 40.03 85.8 177 29.8

Fig. 9 TG and DTG curves of cured EP resin, PEI-rGO1.0/EP

nanocomposite, and C60-PEI-rGO1.0/EP nanocomposite in an air

atmosphere with different heating rates
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The Other Typical Properties of C60-PEI-rGO/EP

Nanocomposites

Nowadays, there is a trend towards developing novel

flame retardancy materials with simultaneously im-

proved comprehensive properties rather than only at-

tractive flame retardancy [4]. Therefore, it is necessary

to evaluate other typical properties of C60-PEI-rGO/EP

nanocomposites.

Figure 12 shows the tensile strength (Ts), and

Young’s modulus (Yc) of cured EP resin and resultant

nanocomposites. It is attractive to find out that all

C60-PEI-rGO/EP nanocomposites have higher values

of tensile strength, and Young’s modulus than those

of EP resin, demonstrating that C60-PEI-rGO/EP

nanocomposites have the significantly improved ten-

sile properties. Young’s modulus of C60-PEI-rGO1.0/

EP reaches 2810 MPa, which is 1.35 times of EP

(2081 MPa). Generally, the rough fractured surface is

considered as a reflection on strong interfacial inter-

action between the polymer and graphene, which will

lead to a high Young’s modulus [37, 39]. As shown in

Fig. 6, it can be seen that PEI-rGO1.0/EP, C60-PEI-

rGO0.6/EP and C60-PEI-rGO0.8/EP nanocomposites

exhibit rougher fractured surfaces comparing with the

neat EP. These results indicate that the stress can be

effectively transferred between graphene layers and EP

matrix through the interface phase, and the graphene

layers fully exert their high stiff in nature and divert

the course of crack propagation when exerting the

load on the nanocomposites. The stronger force is

needed to offset the absorbed energy by graphene

layers and thus leads to the higher Young’s modulus

of nanocomposites. However, the biggest incremental

improvement of tensile strength occurs in C60-PEI-

rGO0.8/EP, and the value up to 77.4 MPa, which is

1.22 times of cured EP. This can be explained that

the high viscosity of C60-PEI-rGO1.0/EP leads to the

difficulty on completely eliminating the organic solu-

tion which plays a negative role on the tensile

strength of the resultant nanocomposite.

Table 2 Characteristic data from TG analyses of cured EP and its nanocomposites in an air atmosphere

β = 10 K/min β = 20 K/min β = 30 K/min β = 40 K/min

Sample Tmax1

(°C)
Tmax2

(°C)
Tmax1

(°C)
Tmax2

(°C)
Tmax1

(°C)
Tmax2

(°C)
Tmax1

(°C)
Tmax2

(°C)

EP 372 547 390 587 400 605 405 622

PEI-rGO1.0/EP 371 533 388 572 395 594 402 609

C601.0/EP 374 564 389 598 398 617 405 634

C60-PEI-rGO0.4/EP 372 548 389 586 396 604 402 625

C60-PEI-rGO0.6/EP 380 560 393 601 400 619 405 631

C60-PEI-rGO0.8/EP 386 555 394 594 403 615 408 630

C60-PEI-rGO1.0/EP 388 560 394 597 403 616 409 633
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Fig. 10 Plots of ln(β/T2) against 1/T for different decomposition

stages of cured EP resin, PEI-rGO1.0/EP nanocomposite and

C60-PEI-rGO1.0/EP nanocomposite
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Figures 7 and 13 show DMA curves of cured EP and

its nanocomposites, the storage modulus (Es) of cured

EP significantly increase with the loading of C60-PEI-

rGO, especially at lower temperature. The highest value

of Es (3125 MPa) occurs in C60-PEI-rGO1.0/EP, which is

increased by 53.7% compared to that of neat EP

(2039 MPa) at 30 °C. As the same trend as the Es, the Tg
value of the C60-PEI-rGO/EP nanocomposite shifts to-

wards higher temperature and the Tg value of

C60-PEI-rGO1.0/EP is up to 191.7 °C which is an incre-

ment of 11.3 °C compared to that of neat EP. Mean-

while, PEI-rGO1.0/EP has slightly increased Tg and

significantly increased Es compared to neat EP, which ac-

cords with the results in other reports about functional

graphene polymeric nanocomposites [39]. These result

indicate that the functionalization of GO exhibits a posi-

tive effect on the properties of resultant nanocomposites.

It is noted that the improvement of C60-PEI-rGO1.0/EP

is more effective than that of PEI-rGO1.0/EP, which is

attributed to physical interaction between C60 aggrega-

tions and EP matrix.

TG/DTG profiles for cured EP and its nanocomposites

are shown in Fig. 14. The temperature (Tonset) at 5 wt%

of the weight loss of the sample and the temperature

Table 3 Thermal-oxidative decomposition kinetics parameters of cured EP and its nanocomposites

Sample Region Activation energy Ea (KJ/mol) Correlation coefficient r

EP Stage 1 138.26 0.9964

Stage 2 98.81 0.9998

PEI-rGO1.0/EP Stage 1 149.26 0.9978

Stage 2 93.12 0.9989

C601.0/EP Stage 1 162.33 0.9992

Stage 2 111.59 0.9996

C60-PEI-rGO0.4/EP Stage 1 155.80 0.9958

Stage 2 101.93 0.9980

C60-PEI-rGO0.6/EP Stage 1 192.72 0.9994

Stage 2 108.13 0.9942

C60-PEI-rGO0.8/EP Stage 1 216.66 0.9893

Stage 2 100.40 0.9988

C60-PEI-rGO1.0/EP Stage 1 224.31 0.9829

Stage 2 105.5 0.9991

Fig. 11 Schematic combustion processes of C60-PEI-rGO/EP nanocomposites
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(Tmax) at maximum weight loss rate of samples are

given. It can be seen that the thermal degradation

process of neat EP has three stages, which mainly cor-

respond to the vaporization of small molecules, the de-

composition of the macromolecular chains, and the

oxidation of char residue, respectively [20]. In case of

PEI-rGO1.0/EP, the Tonset (287 °C) is lower than that of

neat EP (299 °C), while Tm is not significantly changed,

which could be due to the thermally unstable of

PEI-rGO. For C601.0/EP and C60-PEI-rGO/EP nanocom-

posites, Tonset and Tmax are shifting to high temperature.

Specially, C60-PEI-rGO1.0/EP exhibits the best thermal

stability, the 28 °C increment of Tonset and 16 °C incre-

ment of Tmax compared to that neat EP are observed.

While for C601.0/EP, the Tonset increases by 16 °C and

has no significant change on Tm, which could be due to

the highly effective free radical-trapping effect of C60.

However, the Tonset and Tm of C601.0/EP are lower than

those of C60-PEI-rGO/EP at equal content of nanofillers,

which shows that C60-PEI-rGO is more effective than

C60 or PEI-rGO alone in enhancing the thermal

oxidation stability of EP. As described above, on the one

hand, the layered structure of modified GO nanosheet

increases the crosslinking densities of the resultant

nanocomposites. Besides that, it creates a “Tortuous

path” to form a gas barrier in degradation and provides

a platform on which C60 could anchor evenly by chem-

ical bond; the distribution of C60 in EP has improved.

On the other hand, C60 acts as a radical trapping reagent

during the process of degradation that delays the

thermo-oxidative degradation of EP.

Layered nano-materials, such as graphene, clay, and

layered double hydroxides, have been considered as po-

tential multi-functional flame retardants. Comparing

these nanomaterials, (i) the C60-PEI-rGO developed

herein exhibits highly modified efficiency on flame re-

tardancy of EP by combining multi-effects such as in-

crease of crosslinking density, barrier effect of layered

structure, and radical absorption of C60, and (ii) it en-

dows modified resin with outstanding thermal stability

and mechanical properties. Therefore, this work provides

a new template to fabricate high flame retardant thermo-

setting resin with improved comprehensive properties.

Conclusions

C60 was chemically anchored on the surface of PEI

modified GO, and the resultant hybrid (C60-PEI-rGO)

was successfully prepared. C60 aggregations with the size

of ca. 20 nm are uniformly distributed on the surface of

PEI-rGO, and C60-PEI-rGO exhibits a loose lamellar and

amino-rich structure. The C60-PEI-rGO shows high

flame retarding efficiency for EP. Specially, C60-PEI-

rGO1.0/EP shows 40.0 and 15.6% reduction in the PHRR

and THR compare to neat EP, respectively. More im-

portantly, tign and times to PHRR of C60-PEI-rGO1.0/EP

nanocomposite procrastinate for 21 s and 28 s compare

to that of neat EP, respectively. This C60-PEI-rGO hybrid

increases the crosslinking densities of the resultant
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its nanocoposites
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nanocomposites and acts as a physical barrier that hin-

der the transfer of volatile gases and heat due to the

layered structure; meanwhile, C60 aggregations are uni-

formly dispersed in EP resin by anchoring on the surface

of PEI-rGO, acting as a radical trapping reagent which

delays the thermo-oxidative degradation of the resultant

nanocomposites. Moreover, it is noted that the C60-PEI-

rGO not only is a high effective flame retardant but also

is a potential nanofiller for fabricating high-performance

thermosetting resins.
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ites. Figure S1. SEM image of fullerene (rapid removing ethanol). Figure

S2. Digital photographs of char residues of cured EP (a), C601.0/EP (b),

PEI-rGO1.0/EP (c), C60-PEI-rGO0.4/EP (d), C60-PEI-rGO0.6/EP (e), C60-PEI-

rGO0.8/EP (f) and C60-PEI-rGO1.0/EP (g) after cone test. Figure S3. SEM

micrographs of residual chars for cured EP and m-C60-PEI-rGO1.0/EP. Table

S2. Selected mechanical properties of cured EP and its nanocompos-

ites. Table S3. Densities of cured EP and its nanocomposites. Table S4.

The thermal conductivity of cured EP and its nanocomposites. (DOCX

2316 kb)

Abbreviations

AFM: Atomic force microscope; C60: Fullerene; DETDA: Diethyltoluenediamine;

DGEBA: Diglycidyl ether of bisphenol A; DMA: Dynamic mechanical analysis;

DMSO: Dimethyl sulfoxide; EP: Epoxy; FTIR: Fourier transform infrared

spectrometer; GO: Graphene oxide; LOI: Limiting oxygen index; PEI: Branched

polyethlyamine; PHRR: Peak heat release rate; rGO: Reduced graphene oxide;

SEM: Scanning electron microscope; TEM: Transmission electron

microscopy; TGA: Thermogravimetric analyses; THR: Total heat release;

TSR: Total smoke release

Acknowledgements

The authors thank Dr. Zixiang Wen for proofreading the manuscript. Authors

thank Dr. Xiangying Qian for enabling the use of SEM equipment, Dr.

Danmei Pan for AFM observation, and Pin Huan for TEM observation.

Funding

This research was financially supported by the National Natural Science

Foundation of China (Grant No. 51403212), the project of Science and

Technology of Xiamen (Grant No. 2015S0294), the Fujian-CAS STS

Foundation (Grant No. 2016T3035, 2016T3040 and 2018T3011), Natural

Science Foundation of Fujian province (Grant No. 2015J05030), and the

Bureau of Science and Technology of Quanzhou (2016T008).

Availability of Data and Materials

The datasets generated during and/or analyzed during the current study are

available from the corresponding authors on reasonable request.

Authors’ Contributions

WR, TT, and WL conceived and designed the experiments. WR performed

the experiments and analyzed the data. ZD contributed the analysis tools.

WR and WZ wrote the paper. All authors read and approved the final manuscript.

Competing Interests

The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Author details
1Fujian Institute of Research on the Structure of Matter, Chinese Academy of

Sciences, Fuzhou 350000, People’s Republic of China. 2University of the

Chinese Academy of Sciences, Beijing 100049, People’s Republic of China.
3Quanzhou Normal University, Quanzhou 362000, People’s Republic of China.
4School of Materials Science and Engineering, Tongji University, Shanghai

201804, People’s Republic of China. 5Department of Chemistry, Center for

Nanotechnology, R&D Center for Membrane Technology, Chung Yuan

Christian University, Chungli 32023, Taiwan.

Received: 5 February 2018 Accepted: 21 August 2018

References

1. Kotal M, Bhowmick AK (2015) Polymer nanocomposites from modified clays:

recent advances and challenges. Prog Polym Sci 51:127

2. Wang SH, Wan Y, Sun B, Liu LZ, Xu WJ (2014) Mechanical and electrical

properties of electrospun PVDF-MWCNT ultrafine fibers using rotating

collector. Nanoscale Res Lett 9:522

3. Bershtein V, Fainleib A, Egorova L, Gusakova K, Grigoryeva O, Kirilenko D et

al (2015) The impact of ultra-low amounts of amino-modified MMT on

dynamics and properties of densely cross-linked cyanate ester resins.

Nanoscale Res Lett 10:165

4. Chattopadhyay DK, Webster DC (2009) Thermal stability and flame retardancy

of polyurethanes. Prog Polym Sci 34:1068

5. Laoutid F, Bonnaud L, Alexandre M, Lopez-Cuesta JM, Dubois P (2009) New

prospects in flame retardant polymer materials: from fundamentals to

nanocomposites. Mater Sci Eng R 63:100

6. Song PA, Yu YM, Wu Q, Fu SY (2012) Facile fabrication of HDPE-g-MA-

nanodiamond nanocomposites via one-step reactive blending. Nanoscale

Res Lett 7:355

7. Gilman JW, Jackson CL, Morgan AB Jr (1866) RH (2000) flammability

properties of polymer-layered-silicate nanocomposites. Polypropylene and

polystyrene nanocomposites. Chem Mater 12

8. Kashiwagi T, Grulke E, Hilding J, Harris R, Awad W, Douglas J (2002) Thermal

degradation and flammability properties of poly(propylene)-carbon nanotube

composites. Macromol Rapid Commun 23:761

9. Kashiwagi T, Du F, Douglas JF, Winey KI, Harris R, Shields JR Nanoparticle

networks reduce the flammability of polymer nanocomposites. Nat

Mater 4:928

10. Gao TT, Chen LC, Li ZW, Yu LG, Wu ZS, Zhang ZJ (2016) Preparation of zinc

hydroxystannate-decorated graphene oxide nanohybrids and their

synergistic reinforcement on reducing fire hazards of flexible poly (vinyl

chloride). Nanoscale Res Lett 11:192

11. Sang B, Li ZW, Li XH, Yu LG, Zhang ZJ (2017) Titanate nanotubes decorated

graphene oxide nanocomposites: preparation, flame retardancy, and

photodegradation. Nanoscale Res Lett 12:441

12. Guo YQ, Bao CL, Song L, Yuan BH, Hu Y (2011) In situ polymerization of

graphene, graphite oxide, and functionalized graphite oxide into epoxy

resin and comparison study of on-the-flame behavior. Ind Eng Chem

Res 50:7772

13. Qian XD, Song L, Yu B, Wang BB, Yuan BH, Shi YQ et al (2013) Novel

organic–inorganic flame retardants containing exfoliated graphene:

preparation and their performance on the flame retardancy of epoxy

resins. J Mate Chem A 1:6822

14. Wang R, Zhuo DX, Weng ZX, Wu LX, Cheng XY, Zhou Y et al (2015) A novel

nanosilica/graphene oxide hybrid and its flame retarding epoxy resin with

simultaneously improved mechanical, thermal conductivity, and dielectric

properties. J Mater Chem A 3:9826

15. Han YM, Zhang JY, Shi L, Qi SC, Cheng J, Jin RG (2008) Improvement of

thermal resistance of polydimethylsiloxanes with

polymethylmethoxysiloxane as crosslinker. Polym Degrad Stab 93:242

16. Abate L, Blanco I, Cicala G, Mamo A, Recca G, Scamporrino A (2010) The

influence of chain rigidity on the thermal properties of some novel random

copolyethersulfones. Polym Degrad Stab 95:798

17. Shi YM, Li LJ (2011) Chemically modified graphene: flame retardant or fuel

for combustion? J Mater Chem 21:3277

18. Li XH, Shao LB, Song N, Shi LY, Ding P (2016) Enhanced thermal-conductive

and anti-dripping properties of polyamide composites by 3D graphene

structures at low filler content. Compos A Appl Sci Manuf 88:305

Wang et al. Nanoscale Research Letters          (2018) 13:351 Page 13 of 14

https://doi.org/10.1186/s11671-018-2678-z


19. Huang GB, Chen SQ, Tang SW, Gao JR (2012) A novel intumescent flame

retardant-functionalized graphene: nanocomposite synthesis,

characterization, and flammability properties. Mater Chem Phys 135:938

20. Wang X, Song L, Yang HY, Xing WY, Kandol B, Hu Y (2012) Simultaneous

reduction and surface functionalization of graphene oxide with POSS for

reducing fire hazards in epoxy composites. J Mater Chem 22:22037

21. Krusic PJ, Wasserman E, Keizer PN, Morton JR, Preston KF (1991) Radical

reactions of C60. Science 22:1183

22. Song PA, Zhu Y, Tong LF, Fang ZP (2008) C60 reduces the flammability of

polypropylene nanocomposites by in situ forming a gelled-ball network.

Nanotechnology 19:225707

23. Song PA, Shen Y, Du BX, Guo ZH, Fang ZP (2009) Fabrication of fullerene-

decorated carbon nanotubes and their application in flame-retarding

polypropylene. Nanoscale 1:118

24. Fang ZP, Song PA, Tong LF, Guo ZH (2008) Thermal degradation and flame

retardancy of polypropylene/C-60 nanocomposites. Thermochim Acta

473:106

25. Song PA, Liu H, Shen Y, Du BX, Fang ZP, Wu Y (2009) Fabrication of

dendrimer-like fullerene (C60)-decorated oligomeric intumescent flame

retardant for reducing the thermal oxidation and flammability of polypropylene

nanocomposites. J Mater Chem 19:1305

26. Song PA, Zhao LP, Cao ZH, Fang ZP (2011) Polypropylene nanocomposites

based on C60-decorated carbon nanotubes: thermal properties, flammability,

and mechanical properties. J Mater Chem 21:7782

27. Song PA, Liu LN, Huang GB, Yu YM, Guo QP (2013) Largely enhanced

thermal and mechanical properties of polymer nanocomposites via

incorporating C60@graphene nanocarbon hybrid. Nanotechnology 24:

505706

28. Dittrich B, Wartig K-A, Hofmann D, Mülhaupt R, Schartel B (2013) Flame

retardancy through carbon nanomaterials: carbon black, multiwall

nanotubes, expanded graphite, multi-layer graphene and graphene in

polypropylene. Polym Degrad Stab 98:1495

29. Guo ZH, Ye RF, Zhao LP, Ran SY, Fang ZP, Li J (2016) Fabrication of

fullerene-decorated graphene oxide and its influence on flame retardancy

of high density polyethylene. Compos Sci Technol 129:123

30. Hummers WS, Offeman RE (1958) Preparation of graphitic oxide. J Am

Chem Soc 80:1339

31. Cote LJ, FK HJX (1043) Langmuir-Blodgett assembly of graphite oxide single.

J Am Chem Soc:131

32. Yang HF, Shan CS, Li FH, Zhang QX, Han DX, Niu L (2009) Convenient

preparation of tunably loaded chemically converted graphene oxide/epoxy

resin nanocomposites from graphene oxide sheets through two-phase

extraction. J Mater Chem 19:8856

33. Kim H, Namgung R, Singha K, Oh IK, Kim WJ (2011) Graphene oxide-

polyethylenimine nanoconstruct as a gene delivery vector and bioimaging

tool. Bioconjug Chem 22:2558

34. Zhou XH, Chen ZX, Yan DH, Lu HB (2012) Deposition of Fe–Ni nanoparticles

on polyethyleneimine-decorated graphene oxide and application in

catalytic dehydrogenation of ammonia borane. J Mater Chem 22:13506

35. Georgakilas V, Otyepka M, Bourlinos AB, Chandra V, Kim N, Kemp KC et al

(2012) Functionalization of graphene: covalent and non-covalent approaches,

derivatives and applications. Chem Rev 112:6156

36. Nethravathi C, Rajamathi M (2008) Chemically modified graphene sheets

produced by the solvothermal reduction of colloidal dispersions of graphite

oxide. Carbon 46:1994

37. Kim KS, Jeon IY, Ahn SN, Kwon YD, Baek JB (2011) Edge-functionalized

graphene-like platelets as a co-curing agent and a nanoscale additive

to epoxy resin. J Mater Chem 21:7337

38. Kissinger HE (1957) Reaction kinetics in differential thermal analysis. Anal

Chem 29:1702

39. Potts JR, Dreyer DR, Bielawski CW, Ruoff RS (2011) Graphene-based polymer

nanocomposites. Polymer 52(5)

Wang et al. Nanoscale Research Letters          (2018) 13:351 Page 14 of 14


	Abstract
	Background
	Methods
	Materials
	Preparation of C60-PEI-rGO
	Preparation of EP Resin and Nanocomposites
	Apparatus and Experimental Method

	Results and Discussion
	Characterization of GO, PEI-GO, and C60-PEI-rGO
	The Structure of C60-PEI-rGO/EP Nanocomposites
	Flame Retardancy and Mechanism of Cured C60-PEI-rGO/EP Nanocomposites
	The Other Typical Properties of C60-PEI-rGO/EP Nanocomposites

	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of Data and Materials
	Authors’ Contributions
	Competing Interests
	Publisher’s Note
	Author details
	References

