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Abstract
Polymer composites with improved thermal and flame-retardant performance are imperative for fire-safe materials. Carbon-
based nanomaterials have the advantages of low cytotoxicity, chemical inertness, cost-effectiveness, and biocompatibility. 
Graphene quantum dots (GQDs) as a new member of carbon-based nanomaterials were fabricated by pyrolysis method, and 
easy to be functionalized to fabricate nanocomposites as efficient flame retardant. Herein, polystyrene (PS) nanocomposites 
with introduction of modified graphene quantum dots (C-GQDs) were fabricated by the Pickering emulsion polymerization 
method. The C-GQDs with controllable chemical structure could be used as stabilizer in emulsion polymerization system and 
introduced to PS directly. Morphological and chemical characterization of PS nanocomposites revealed that the successful 
introduction of C-GQDs to PS, and C-GQDs were wrapped on the surface of PS microspheres. The flammability behavior 
of the PS nanocomposites was investigated by using microscale combustion calorimeters (MCC), and the peak heat release 
rate of PS nanocomposite was reduced 40% when compared with that of neat PS. The improved flame retardancy was mainly 
attributed to the C-GQDs promoting the formation of physical protective barrier on the surface, which impeded the permea-
tion of heat and the pyrolysis products. Therefore, a facile method for preparing nanocomposite has been developed in this 
work, and C-GQDs could be used as flame retardants to reduce the flammability of polystyrene nanocomposites system.
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Introduction

Polymer materials have been widely used in industry and 
daily life. Polystyrene (PS) is a kind of thermoplastic pol-
ymer with wide-spread application due to its outstanding 
properties including low density, excellent mechanical dura-
bility, and good processing capabilities [1]. However, the 
production of a large number of combustible volatiles and 
smoke during the combustion process, which would lead to 
injuries and death in a fire, will limit its further application 
[2–5]. Therefore, it is necessary to improve the flame retar-
dancy. Due to safety and environmental protection require-
ments, halogen-free flame retardants have attracted great 

attention [6, 7]. According to published work, nanomate-
rials showed great potential to improve flame retardancy. 
Nanoclay [8–10], molybdenum disulfide [11], zirconium 
phosphate [12], layered doubled hydroxides [13–15], silica 
nanoparticles [16], etc., all presented that the fabricated 
nanocomposites exhibited improved fire retardance.

The rise of carbon-based materials has attracted consider-
able interest for fabricating composites with improved per-
formance, such as mechanical, gas barrier, and flame-retard-
ant properties [17, 18]. Carbon-based nanomaterials, such as 
graphene and carbon nanotubes (CNTs), have presented high 
flame-retardant efficiency in polymer composites. Recent 
work shows that the PS incorporated with porous carbon 
sheet would benefit to remarkably reduce flammability [19]. 
Graphene showed stability against combustion, so it has 
been used directly to prepare flame-retardant polymer com-
posites. Previous work found that the peak heat release rate 
(pHRR) was decreased to 50% compared with that of neat 
PS when the incorporation content of graphene was 5 mass% 
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[20]. However, the pristine carbon-based nanomaterials have 
the incompatibility problem which would lead to inferior 
behavior [17]. The surface modification method has been 
applied for carbon-based nanomaterials to overcome this 
obstacle. Applied graphene sheets decorated with titanium 
dioxide nanoparticles into polymer, polymer nanocomposite 
exhibited reduced pHRR values and suppressed emission 
of carbon dioxide [21]. Xing et al. [22] fabricated PS nano-
composites with modified CNTs which functionalized with 
phosphorus- and nitrogen-containing agents. The fabricated 
PS nanocomposites presented improved thermal stability 
and tensile strength due to good dispersion and interfacial 
interaction between modified CNTs and PS matrix.

Graphene quantum dots (GQDs) are a kind of 0-dimen-
sional nanomaterials. Compared with graphene sheets, 
GQDs are more feasible to be functionalized due to the 
prevalence of chemical active groups at the edge, and have 
smaller size and high specific area, which are benefit to fab-
ricate nanocomposite. Additionally, GQDs have shown the 
potential to enhance the flame retardancy. Khose et al. [23] 
coated functionalized GQDs with phosphorous agent on cot-
ton cloth, which does not change the color and improved 
the flame retardancy of cotton cloth. Rahimi-Aghdam et al. 
[24] synthesized nitrogen and phosphorous co-doped gra-
phene quantum dots (NP-GQDs) and introduced them into 
polyacrylonitrile (PAN) by solvent blending route. The 
fabricated PAN nanocomposites showed improved flame 
retardancy. The pHRR of PAN nanocomposites decreased 
by 15.4% compared with bare PAN. However, the solvent 
blending method would consume a great number of toxic 
organic solvents, such as chloroform. Therefore, applying 
GQDs to prepare polymer nanocomposites with a facile and 
environmentally friendly method to improve flame retar-
dancy remains challenge.

Herein, we fabricated PS nanocomposites which were 
incorporated with modified GQDs (C-GQDs) via a simple 
one-pot method. The C-GQDs were synthesized based on 
our previous work [25]. The C-GQDs have controllable 
amphiphilicity could be used to stabilize oil-in-water emul-
sion and have potential to be used directly for Pickering 
emulsion polymerization without surfactant. The various 
reports have showed that the Pickering emulsion polym-
erization is a fascinating and feasible method to fabricate 
novel polymer nanocomposites, and it would consume small 
amount of organic solvent than solution mixing method [26, 
27]. The aim of this work is to reduce the fire hazards of PS 
by introducing C-GQDs onto the surface of the PS micro-
sphere. The flammability of PS nanocomposites system is 
evaluated by using a microscale combustion calorimeter 
(MCC) due to the accuracy of the measured results inde-
pendent on experimental conditions and external physical 
factors [28], and the mechanism of reduced fire hazards of 
PS is also discussed.

Experimental

Materials

Styrene (≥ 99%), sodium dodecyl sulfate (SDS, ≥ 99.0%), 
and initiator azobis (isobutyronitrile) (AIBN, 98%) were 
purchased from Sigma. The amphiphilic graphene quan-
tum dots (C-GQDs) were synthesized based on our previ-
ous work [25]. In brief, the C-GQDs was pyrolyzed by cit-
ric acid and dodecylamine at 200 °C in air. All purchased 
chemicals were used as received without purification.

Fabrication of PS/C‑GQDs nanocomposites

The PS/C-GQDs nanocomposites were fabricated by Picker-
ing emulsion polymerization which used C-GQDs as a sta-
bilizer. The emulsion polymerization process illustration is 
shown in Fig. 1a. The C-GQDs were dispersed in deionized 
(DI) water with different concentrations as aqueous phase. 
The oil phase contained styrene and 2.0 mass% AIBN. The 
aqueous phase and oil phase were added into a vial and soni-
cated (frequency ~ 20 kHz) for 1 min to form a stable Pick-
ering emulsion. Afterwards, this mixture was heated at 80 
°C for 6 h. Finally, the products were washed with DI water 
three times and then dried by freeze dryer. The obtained 
PS/C-GQDs nanocomposites were named as PS/C-GQD 1, 
PS/C-GQD 2, PS/C-GQD 3, PS/C-GQD 4, and PS/C-GQD 
5, respectively, according to the C-GQDs concentration in 
aqueous solution of 0.1%, 0.5%, 1.0%, 1.5%, and 2.0%. For 
comparison, the PS emulsion polymerization was carried 
out with the same conditions except that the C-GQDs was 
replaced by 0.1% SDS in aqueous phase.

Characterization

The chemical structure and composition were investigated 
by Fourier transform infrared spectroscopy (FTIR, Thermo 
Nicolet 380) and Omicron’s DAR X-ray photoelectron 
spectroscopy (XPS, excitation source: Mg Kα radiation). 
The morphologies of PS/C-GQDs nanocomposites were 
investigated by a field emission scanning electron micro-
scope (FE-SEM, JEOL JSM-7500F, Japan). The thermal 
stability was investigated by thermogravimetric analysis 
(TGA) using TGA device (TA Instrument Q500). This 
was conducted from 30 to 750 °C with 20 °C min−1 heat-
ing rate under N2 atmosphere. A microscale combustion 
calorimeter (MCC, Fire Testing Technology, United King-
dom) was used to evaluate the combustion properties. The 
presented results of each sample were tested at least three 
times and the average values were calculated.
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Results and discussion

Chemical structure and morphology 
of nanocomposites

Based on our previous work [25], the synthesized C-GQDs 
had amphiphilic properties which could be used to stabi-
lize oil-in-water emulsions. Meanwhile, the nanoparticle 
would be location-selective via an oil-in-water emulsion 
system [29]. The nanocomposite covered with nanopar-
ticles on the surface could be prepared by dispersing the 
nanoparticles in the aqueous phase [29]. Here, we used the 
amphiphilic C-GQDs to stabilize styrene-in-water emul-
sion by sonication. As shown in Fig. 1b, this is capable 

of forming stable styrene-in-water emulsions. Then, the 
PS/C-GQDs nanocomposites were fabricated through 
Pickering emulsion polymerization with C-GQDs in 
aqueous phase as a stabilizer. FTIR and XPS spectra 
were employed to investigate the chemical structure and 
composition of PS/C-GQDs nanocomposites as shown in 
Fig. 2. The FTIR spectroscopy (Fig. 2a) was employed 
to detect the modified materials. The peaks at 3025 cm−1 
are ascribed to the C–H stretching vibration of the aro-
matic ring [26]. The peaks at 1492 and 1452  cm−1 are 
corresponding to the C–C stretching of the benzene ring 
[26]. These results indicate that PS has been synthesized 
successfully. Compared to neat PS, there are some other 
strong peaks observed in PS/C-GQDs nanocomposites 
which are typical peaks of C-GQDs. The absorption bands 

Fig. 1   a Schematic illustra-
tion of the synthetic process to 
prepare PS/C-GQDs nanocom-
posites. b Styrene-in-water 
emulsion stabilized by 0.1 
mass% C-GQDs
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Fig. 2   a FTIR and b XPS spectra of neat PS and PS/C-GQDs nanocomposites
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at 1690 and 3459 cm−1 are attributed to an amide group 
and –OH group, respectively [25], which are verified by 
the spectrum of C-GQDs. Correspondingly, the intensity 
of these two peaks becomes stronger with the increasing 
C-GQDs concentration in aqueous phase. Therefore, it is 
evidence of the direct incorporation of C-GQDs into the 
PS nanocomposites via Pickering emulsion polymeriza-
tion. In addition, the chemical composition of resulting 
nanocomposites was investigated by XPS as shown in 
Fig. 2b. When increasing the C-GQDs concentration from 
0 to 2 mass%, the nitrogen concentration increases from 0 
to 3.6 mol% on the PS microspheres’ surface. These results 
confirm that the C-GQDs have been introduced to PS/C-
GQDs nanocomposites successfully.

The surface morphologies of neat PS and PS/C-GQDs 
nanocomposites were characterized by FE-SEM. As shown 
in Fig. 3, the products are all microsphere structures and the 
surface of neat PS microspheres is smooth. The morphology 
of C-GQDs was investigated by TEM as shown in Fig. S1. 
After incorporation of C-GQDs on the surface, the surface 
of the PS/C-GQDs nanocomposites becomes rough. For 

PS/C-GQD 5 samples, there are clearly wrinkled C-GQDs 
assembled on the microsphere surface. These results also 
indicate that the C-GQDs have been introduced on the sur-
face of PS microspheres.

Thermal stability assessment of nanocomposite

The TGA was conducted to investigate the thermal degrada-
tion behavior of as-prepared samples. Figure 4a presents the 
TGA curves of neat PS and modified systems. The relevant 
thermal property data are summarized in Table 1. Under 
nitrogen conditions, the pure PS exhibits the only one-stage 
decomposition process, occurring in the range of 350–450 
°C, which is attributed to a chain-scissoring process. How-
ever, the three-stage decomposition behavior is observed for 
the modified systems. For PS/C-GQD 4 and PS/C-GQD 5 
nanocomposites, the decomposition stage in the range of 
380–470 °C is similar to that in the neat PS. The first and 
third step decomposition ranging from 280–380 to 520–600 
°C is initiated by C-GQDs, which is similar to the decom-
position stage of C-GQDs. The first stage of mass loss is 

Fig. 3   Surface SEM morphologies for a neat PS, b PS/C-GQD 1 and c PS/C-GQD 5, respectively
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attributed to the removal of functional groups on C-GQDs 
[30]. After introducing C-GQDs, the onset degradation tem-
perature at 10 mass% mass loss (T−10%) and the tempera-
ture at 50% mass loss (T−50%) are increased significantly. 
The maximum increase of T−10% and T−50% is 13 and 5 °C, 
respectively, indicating that the thermal stability of the PS 
host is significantly improved. Nevertheless, the T−10% values 
of PS/C-GQD 5 nanocomposites with high C-GQDs content 
are lower than that of neat PS, which might be explained as 
the cleavage of functional group on C-GQDs such as −OH 
and amide groups. Although the onset degradation tem-
perature of PS/C-GQD 5 is lower, the maximum mass loss 
rate decreased significantly as shown in Fig. 4b. From DTG 
curve, the rate of mass loss of PS/C-GQDs decreases with 
increasing C-GQDs content in nanocomposites compared 
with neat PS. The maximum mass loss rate for PS/C-GQD 
5 is reduced by 27% relative to that of neat PS, although the 
temperature of maximum degradation rate (Tmax) does not 
change significantly. Meanwhile, the initial decomposition 
temperature of main mass loss (Tin) is delayed remarkably as 
shown in Table 1, which indicates that the pyrolysis process 
of PS/C-GQDs nanocomposites is retarded. In addition, it 
is noteworthy that the residual yield of PS/C-GQD 5 is 1.6 
times that of neat PS at temperature 700 °C. 

To further understand the effect of C-GQDs on the ther-
mal stability of PS nanocomposites, it is assumed that the 
calculated value of the residual yield ( YCal ) of PS nanocom-
posites follow the linear mixing rule, as seen in Eq. (1) [6, 
31]:

where YPS and YC-GQDs represent the residual yield of neat 
PS and C-GQDs, respectively, and fw, PS and fw, C-GQDs refer 
to the mass fraction of neat PS and C-GQDs, respectively.

According to the calculated results presented in Table 1, 
the YCal values of PS nanocomposites are much lower than 
that of the corresponding experimental values. The residue 
of PS nanocomposite at 700 °C was higher than the calcu-
lated values. Specially, the PS/C-GQD 3 shows an increase 

(1)YCal
= YPS × fw, PS + YC-GQDs × fw, C-GQDs

of YCal value by a factor of 148% under experimental condi-
tions, which indicates that the decomposition of PS chain 
is inhibited by the incorporation of C-GQDs. These results 
imply that the decomposition of PS at a high temperature 
was inhibited under a nitrogen atmosphere. It suggests that 
the incorporation of C-GQDs promotes the residue layer for-
mation to create a protective layer on the surface during the 
decomposition process. The physical barriers could retard 
the mass transfer from condensed phase towards the flame 
gas phase and inhibit heat transfer from heat source to con-
densed phase. Therefore, the thermostability of PS/C-GQDs 
nanocomposites is improved.

Flammability behavior of nanocomposites

MCC was widely used to evaluate flammability behavior 
of polymeric materials. The samples were heated during 
the MCC evaluation process, and the heat of combustion 
of pyrolysis products was measured directly. The pHRR, 
THR, and heat release capacity (HRC) of PS and PS/C-
GQDs were primary parameters obtained by MCC, and the 

Table 1   TGA data of PS and 
PS/C-GQDs nanocomposites

Tin the initial decomposition temperature of main mass loss

Sample no. T−10% /℃ T−50% /℃ Tmax /℃ Tin /℃ Residue at 700 
℃ (%)

Exp Cal

Neat PS 383 423 429 287 0.77 0.77
PS/C-GQD 1 378 420 428 290 1.07 0.86
PS/C-GQD 2 385 426 431 321 1.15 0.86
PS/C-GQD 3 394 428 431 348 1.26 0.85
PS/C-GQD 4 379 423 424 354 1.00 0.84
PS/C-GQD 5 314 420 423 358 1.05 0.84

Table 2   Summaries of MCC data for PS and PS/C-GQDs nanocom-
posites

a Reduct-HRC, 100 × (HRCpolymer–HRCnanocomposite)/HRCpolymer

Sample no pHRR 
/W g−1

HRC 
/J g−1 K−1

THR /
kJ g−1

TpHRR /℃ Reduct-
HRCa/%

Neat PS 868 889 37.0 443 NA
PS/C-

GQD 1
771 787 36.0 443 11

PS/C-
GQD 2

653 670 33.5 442 24

PS/C-
GQD 3

612 627 34.1 442 29

PS/C-
GQD 4

554 564 32.6 444 36

PS/C-
GQD 5

520 527 35.3 441 40
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corresponding data are given in Table 2. For PS modified by 
C-GQDs, there is a dramatic decrease of the pHRR values 
with increasing C-GQDs content in aqueous phase (Fig. 5a). 
The pHRR value decreases from 868 W g−1 of neat PS to 
520 W g−1 of PS/C-GQD 5, which indicates that the flame 
retardancy of PS nanocomposites has been improved sig-
nificantly. The THR values are also reduced by introducing 
C-GQDs, which indicates that the PS/C-GQDs nanocompos-
ite not all the polymer burns. Under normal MCC operation 
conditions, the combustion of gas products occurs in excess 
of oxygen, so it is typically a complete combustion [32]. The 
40% reduction of pHRR values suggests that there are fewer 
volatile products transferring to gas phase. For PS/C-GQD 5 
nanocomposites, there is an obvious peak before the main PS 
pyrolysis peak, which is similar to the decomposition peak 
of C-GQDs. It coincides with the TGA behavior, in which 
there is a thermal decomposition of C-GQDs at a lower tem-
perature than main decomposition stage. This phenomenon 
suggests that the C-GQDs would initially be decomposed 
to form a barrier layer to inhibit the permeation of heat and 
volatile products. 

HRC could be used as a good predictor of flammability, 
which was independent of the form and mass of samples 

as long as the temperature of sample is uniform during the 
test [28, 33, 34]. A tendency of nanocomposite system in 
HRC has been found that the C-GQDs is a good candidate 
for reducing HRC, which indicates lower flammability 
resulting in a lower risk of fire hazard [30]. The com-
parison of the reduction in HRC (Reduct-HRC) suggests 
that introducing more C-GQDs on PS sphere is benefit to 
improve flame retardancy. Therefore, the improved flame 
retardancy is attributed to the presence of C-GQDs on the 
surface, and rendering excellent flame retardancy for the 
PS nanocomposite system based on the barrier effect.

Based on the results above, the improved thermal sta-
bility and flame retardancy are attributed to the fact that 
the C-GQDs assembled at the surface of PS microsphere. 
The proposed mechanisms for the improved flame-retard-
ant performance of PS nanocomposites are illustrated in 
Fig. 5c. For neat PS, amount of volatile gas emerged due 
to rapid decomposition of neat PS. When C-GQDs were 
introduced on the PS microsphere surface, the graphite 
carbon in C-GQDs could benefit to improve the quality 
of protective layer. It would retard the transfer of heat and 
pyrolysis gas products. The barrier effect by protective 
layer becomes more prominent with increasing C-GQDs 
content on surface.
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Conclusions

In this work, a PS nanocomposite system with C-GQDs as 
flame retardant was fabricated by Pickering emulsion polym-
erization, which applied C-GQDs as stabilizers in the polym-
erization process. Morphological characterization revealed 
that the C-GQDs were coated onto the PS microsphere sur-
face via this polymerization method. The incorporation of 
C-GQDs onto the PS surface increased the thermal stability 
of PS nanocomposites, including a maximum increase of 13 
°C in T−10% and the maximum mass loss rate is reduced by 
27% relative to that of neat PS. Moreover, the value of pHRR 
for PS/C-GQD 5 decreased by around 40%, which exhibits 
similar or more reduction in pHRR values when compared 
with other PS nanocomposites incorporated with graphene 
sheets (as shown in Table S1). These significant improve-
ments in PS nanocomposites were attributed to the stronger 
residue barrier layer which was provided by C-GQDs. Thus, 
this work would provide a potential effective method that 
broadens the application of polymer nanocomposites into 
excellent flame retardancy.
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