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and their synergistic reinforcement on
reducing fire hazards of flexible poly (vinyl
chloride)
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Abstract

A novel flame retardant, zinc hydroxystannate-decorated graphene oxide (ZHS/GO) nanohybrid, was successfully
prepared and well characterized. Herein, the ZHS nanoparticles could not only enhance the flame retardancy of GO with
the synergistic flame-retardant effect of ZHS but also prevent the restack of GO to improve the mechanical properties of
poly (vinyl chloride) (PVC) matrix. The structure characterization showed ZHS nanoparticles were bonded onto the surface
of GO nanosheets and the ZHS nanoparticles were well distributed on the surface of GO. Subsequently, resulting ZHS/GO
was introduced into flexible PVC and fire hazards and mechanical properties of PVC nanocomposites were investigated.
Compared to neat PVC, thermogravimetric analysis exhibited that the addition of ZHS/GO into PVC matrix led to an
improvement of the charring amount and thermal stability of char residue. Moreover, the incorporation of 5 wt.% ZHS/
GO imparted excellent flame retardancy to flexible PVC, as shown by increased limiting oxygen index, reduced peak heat
release rate, and total heat release tested by an oxygen index meter and a cone calorimeter, respectively. In addition, the
addition of ZHS/GO nanohybrids decreased the smoke products and increased the tensile strength of PVC. Above-
excellent flame-retardant properties are generally attributed to the synergistic effect of GO and ZHS, containing good
dispersion of ZHS/GO in PVC matrix, the physical barrier of GO, and the catalytic char function of ZHS.
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Background
Recently, graphene (GR) and graphene oxide (GO) are
widely used in fabricating advanced composites to provide
elevated mechanical performance, excellent electrical prop-
erties, etc, due to their outstanding physiochemical proper-
ties [1–6]. Among them, many studies also demonstrate
that GR and GO are promising flame retardants, which can
act as barriers reducing the heat released, insulating against
the transfer of combustion gases, and increasing residual

char [7–9]. However, for GR and GO, achieving an excel-
lent flame retardancy usually needs a little high loading
[10]. Moreover, bare GR and GO possess a propensity to
aggregate because of strong van der Waals attractions and
π-π attraction between the nanosheets, resulting in de-
creasing their flame retardancy and deteriorating mechan-
ical properties of polymer matrix. Therefore, the use of GR
or GO alone as the flame retardant still remains a
challenge.
As is well known, a combination of two or more com-

ponents can sometimes present a synergistic effect and
may impart an excellent flame retardancy to polymers
[11]. Particularly, synergistic effects have been exten-
sively found in the family of graphene-based composites
in recent years. For instance, the addition of Ce-MnO2-
GR hybrid sheets can impart excellent flame-retardant
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properties to an epoxy matrix duo to the synergistic ef-
fect [10]. A synergistic effect has also been observed be-
tween ZnS and GR in epoxy resin [12]. In addition, the
synergistic effects of Ni-Fe-layered double hydroxide/GR
hybrids appear in epoxy resin [13]. Surface modification
of GR with layered molybdenum disulfide depicts a syn-
ergistic reinforcement on reducing fire hazards of epoxy
resins [14]. More importantly, the abovementioned mod-
ifiers, Ce-MnO2, ZnS, Ni-Fe-layered double hydroxide,
and MoS2, could also inhibit the aggregation of GR and
improve the dispersion of GR in polymer matrix, result-
ing in improved mechanical properties of polymer
matrix.
In recent years, zinc hydroxystannate (ZHS) has attracted

growing attention owing to significantly improving flame
retardancy of poly (vinyl chloride) (PVC). Compared with
other inorganic flame retardants, ZHS have outstanding
properties, such as low addition, low toxicity, and high
efficiency, and will become a useful replacement of the
conventional inorganic fillers [15–17]. Unfortunately, ZHS
as flame retardant is less competitive in terms of cost and
has a poor compatibility like other inorganic fillers in
PVC bringing about the deterioration of mechanical
properties, which is undesirable for the fabrication of
high-performance materials. To overcome this drawback,
our previous studies have made efforts to synthesize a
composite flame retardant with core-shell structure: nano-
ZHS coated by a macromolecule flame retardant, and the
nanocomposite flame retardant not only significantly im-
proves flame-retardant and smoke suppression properties
of PVC but also does no damage to mechanical properties
of PVC [18]. However, this coating technique is relatively
complicated. Therefore, a succinct and effective method
should be found to improve flame retardancy of ZHS to
reduce the usage of ZHS.
Bearing those perspectives in mind, we use ZHS nanopar-

ticles to modify the GO nanosheets to form ZHS/GO
nanohybrids utilizing an electrostatic interaction. Herein,
ZHS is expected to prevent the aggregation of GO, and GO
could also prohibit the aggregation of ZHS, resulting in
improving the compatibility between ZHS/GO and PVC
matrix. Furthermore, the novel flame retardant, ZHS/GO,
was achieved with excellent flame retardancy, using the
synergistic effect between ZHS and GO.

Methods
Preparation of GO nanosheets
GO nanosheets were prepared from purified natural
graphite through the method reported by Hummers and
Offeman [19].

Preparation of ZHS/GO nanohybrids
In a typical procedure, 0.27 g of zinc sulfate heptahy-
drate and 10.29 mg of as-prepared GO were added to

100 ml of distilled water, followed by sonication for half
an hour. Subsequently, 0.28 g of sodium stannate tetra-
hydrate was dissolved in 20 ml distilled water and added
into the above solution, and then the reaction system
was maintained at 5 °C for 5 h. Thereafter, 0.27 g of zinc
sulfate heptahydrate was added into the above reactant
and kept stirring for another 1 h. The final precipitate
was collected by filtration and washed several times with
distilled water to remove the remaining impurities. In
the next step, as-prepared products were dried in an air
atmosphere at 80 °C for 12 h. For comparison, bare ZHS
nanoparticles were also prepared using the same route
without the addition of GO.

Preparation of ZHS/GO/PVC composite
Preparation of PVC nanocomposite containing 5 wt.%
ZHS/GO has similar processing condition with the pro-
cedure of DOPO-VTS-ZHS/PVC reported in our litera-
ture [20], while DOPO-VTS-ZHS was instead by ZHS/
GO in this study. Meantime, for comparison, pristine
PVC and PVC nanocomposites with 5 wt.% contents
ZHS or GO were also prepared under the same process-
ing conditions.

Apparatus and experimental method
The morphology and microstructure of as-prepared
samples were documented by an X’ Pert Pro MPD X-ray
powder diffractometer (XRD), a JEM-2010 transmission
electron microscopy (TEM), and an AVATAR360 Fou-
rier transform infrared (FTIR) spectrometer, respectively.
Dispersion state of additives in PVC matrix was ob-
served on a scanning electron microscope (SEM) (Nova
Nano SEM 450 instrument with an acceleration voltage
of 5 kV). Thermogravity analysis (TGA) were conducted on
a DSC6200 thermal analyzer at the scanning rate of 10 °C/
min. Flame retardancy were carried out by a JF-3 oxygen
index meter and a FTT Cone calorimeter, respectively. The
tensile strength of the nanocomposites was measured ac-
cording to the Chinese standard method (GB T1040-92)
with a WDW-10D electronic universal testing instrument
at the cross head speed of 20 mm/min at 23 °C. Dynamic
mechanical analysis (DMA) was performed using a DMA
861e instrument (Metter Toledo Instruments Inc., Swiss
Confederation) at a fixed frequency of 10 Hz and a
temperature range from 30 to 150 °C at a linear heating
rate of 5 °C/min.

Results and discussion
Structure characterization of ZHS/GO
In Fig. 1, the XRD patterns of ZHS/GO exhibit promin-
ent peaks, which can be indexed as the hexagonal struc-
ture phase of ZHS. However, no signal for any other
phases of GO could be detected in the ZHS/GO nanohy-
brids. It may be because the regular layer stacking of
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GO is destroyed due to the crystal growth of ZHS
between the interlayers of GO, leading to the disappear-
ance of the diffraction peaks for GO. Therefore, XRD
results suggest that the ZHS nanoparticles might have
become attached to these GO nanosheets.
Because the regular layer stacking of GO is destroyed,

there is no any XRD signal of GO in resultant ZHS/GO.
Therefore, Raman scattering was used to document the
existence of GO. Figure 2 shows Raman spectra of ZHS
nanoparticles and ZHS/GO nanocomposites. As shown in
Fig. 2, the Raman spectra of both GO and ZHS/GO ex-
hibit two typical peaks of GO at about 1593 cm−1 (G
band) and 1357 cm−1 (D band), which indicates the exist-
ence of GO in the ZHS/GO nanocomposites. Combined
with the XRD results of ZHS/GO nanocomposites, this
further proves that ZHS nanoparticles may be bonded
onto the surface of GO.
The morphology and microstructure of ZHS/GO

nanohybirds are shown in Fig. 3. As can be observed
from Fig. 3a, GO nanosheets are highly transparent with
folding at the edges, suggesting a very small thickness.
Because of their high specific area, GO nanosheets ag-
gregated and formed a stacked graphitic structure when
their dispersion solvent was completely evaporated. It is
clearly shown in Fig. 3b that the diameter of pristine
ZHS nanoparticles is in the range of 40–50 nm. The

TEM image of ZHS/GO nanocomposites (Fig. 3c) clearly
illustrates that ZHS nanoparticles are distributed on the
surface of GO nanosheets. The distribution of ZHS
nanoparticles on GO nanosheets is uniform and has no
obvious aggregation or free nanoparticles are detected.
Furthermore, the TEM picture shows that the diameter

Fig. 2 Raman spectra of GO nanosheets and ZHS/GO nanohybrids,
which all exhibit two typical peaks of GO at about 1593 cm−1 (G band)
and 1357 cm−1 (D band), resulting in the existence of GO in the
ZHS/GO nanohybrids

Fig. 1 Typical XRD patterns of GO nanosheets and ZHS/GO nanohybrids, showing that the ZHS nanoparticles have become attached on the
surface GO nanosheets to form ZHS/GO nanohydrids. The reason is that the crystal growth of ZHS between the interlayers of GO would destroy
the regular layer stacking of GO to lead to the disappearance of the diffraction peaks of GO in ZHS/GO nanohybrids
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of the ZHS nanoparticles is in the range of 50–60 nm,
this may be because GO nanosheets facilitate the nucle-
ation of ZHS to lead to a bigger diameter.
Figure 4 shows FTIR spectra of GO nanosheets and

ZHS/GO nanohybrids. As to GO nanosheets, a strong
and broad absorption at 3400 cm−1 is attributed to O–H
stretching vibration. The absorption peak of GO nano-
sheets at 1620 cm−1 due to the C=C stretching vibration,
the one at 1410 cm−1, is attributed to the tertiary C-OH
group, and those at 1261 and 1067 cm−1 are assigned to
the C–O stretching vibration of –COOH and C–OH
groups situated at edges of GO nanosheets [21]. Simi-
larly, after the electrostatic assembly of GO and ZHS,
the above stretching of groups situated at GO sheets also
appears in ZHS/GO FTIR spectra. However, all the ab-
sorption peaks of oxygen-containing functional groups
are weaker than those in GO nanosheets. Besides, ZHS/
GO shows two peaks at about 780 and 546 cm−1, which
are assigned to the characteristic stretching vibration of

SnO and ZnO stretching, respectively [22]. Moreover,
the characteristic peak of C–OH group at 1067 cm−1 in
ZHS/GO nanohybrids disappears; it is because that the
strong absorption intensities of (Sn)O–H at 1177 cm−1

covers the C–OH stretching vibration. In conclusion, the
weaker peaks of oxygen-containing functional groups, the
new peaks of SnO and ZnO stretching, and the disap-
peared characteristic peak indicate that ZHS nanoparticles
are successfully loaded on the large surface of GO during
the electrostatic assembly process thereby affording ZHS/
GO nanohybrids.
TGA curves of GO nanosheets, ZHS nanoparticles,

and ZHS/GO nanohybrids are shown in Fig. 5. For ZHS,
the mass loss is the lowest, 21 %, which is mainly due to
the dehydroxylation of ZnSn(OH)6 generating ZnSnO3.
For GO, in agreement with previous reports in the
literature, the main mass loss (32 %) takes place around
the 100–300 °C range, corresponding to the decomposition
of labile oxygen functional groups present in the material
[23]. There is also a mass loss (6 %) below 100 °C, which
can be attributed to the removal of adsorbed water and a
slower, steady mass loss (56 %) over the whole temperature
range between 400 and 600 °C, which can be assigned to
the removal of more stable oxygen functionalities. As for
ZHS/GO nanohybrids, after ZHS nanoparticles are bonded
onto GO, the total weight loss is 22 %, between ZHS and
GO, which should be closely related to the dehydroxylation
of ZHS and oxidation of GO. It may be the tin compounds
can react with the GO in higher temperature making the
GO to become stable. All indicated that ZHS nanoparticles
are bonded onto the surface of GO.
The possible formation mechanism of ZHS/GO is pro-

posed according to the above TEM, XRD, FTIR, and
TGA analyses. Figure 6 schematically illustrates the for-
mation mode of ZHS/GO nanohybrids. It is well known
that there are considerable oxygen-containing functional
groups on the surface of GO nanosheets. At the same
time, the GO nanosheets in the pH range of 4 to 11.5
can lead to deprotonation of the oxygen-containing
acidic groups, which establishes a negative surface
charge density [24]. The large number of the negative
charge which contains carboxylate (COO−) anion and

Fig. 4 FTIR spectra of GO nanosheets and ZHS/GO nanohybrids, in
which the weaker peaks of oxygen-containing functional groups,
the new peaks of SnO and ZnO stretching, and the disappeared
characteristic peak indicate that ZHS nanoparticles are successfully
loaded on the large surface of GO during the electrostatic
assembly process thereby affording ZHS/GO nanohybrids

Fig. 3 TEM images of a GO, b ZHS nanoparticles, c ZHS/GO nanohybrids. The TEM results show that ZHS nanoparticles successfully bond on the surface
of GO. Moreover, the distribution of ZHS nanoparticles on GO nanosheets is uniform and has no obvious aggregation or free nanoparticles are observed
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phenolate anion (–C–O–) [25] etc. on the surface of GO
nanosheets could capture and bond with Zn2+ in zinc
sulfate solution through electrostatic attraction. Subse-
quently, the sodium stannate solution was added, the
growth of zinc hydroxystannate by way of chemical reac-
tion between Zn2+ cation and SnO3

2− anion. Finally, ZHS
nanocrystals further assembled and became ZHS/GO
nanostructures driven by the minimization of surface
energy.

Morphology of PVC and its nanocomposites
SEM is a widely used technique to evaluate the disper-
sion level of fillers in a polymeric matrix. Figure 7 shows
the images of the fractured surfaces for pure PVC and

its nanocomposites. The fracture roughness of the poly-
mer materials may demonstrate the dispersion state and
interfacial interaction to some degree [26]. For pure
PVC, it presents a uniform surface morphology revealing
a rather smooth surface (Fig. 7a). Meanwhile, the GO
nanosheets agglomerated obviously in the PVC matrix
because of the re-stack of them (Fig. 7c). When ZHS
nanoparticles are incorporated into PVC, the dispersion
of ZHS seems to be uniform; however, some aggregates
are still observed (Fig. 7b). Compared to pristine ZHS
particles, the dispersion of ZHS/GO nanohybrids were
improved (Fig. 7d). Herein, the fracture surfaces of ZHS/
GO/PVC are much rougher than those of ZHS/PVC and
GO/PVC, indicating the better dispersion and stronger

Fig. 5 TGA curves of GO nanosheets, ZHS nanoparticles, and ZHS/GO nanohybrids under air condition with raising rate of temperature of 10 °C/
min. The mass loss of ZHS/GO is less than that of GO nanosheets and more than that of ZHS nanoparticles, respectively, which further indicates
ZHS nanoparticles decorated on the surface of GO nanosheets

Fig. 6 The possible formation process of ZHS/GO nanocomposites. Zn2+ cations fist are captured by GO through the electrostatic interactions
and then react with SnO3

2− to form ZHS nanoparticles on the surface of GO
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interfacial interaction of ZHS/GO/PVC. The well-dispersed
nanoparticles are generally due to the oxygen-containing
groups acting as anchoring sites for ZHS on the surface of
GO. The results demonstrate better dispersion of ZHS/GO
in the PVC matrix than ZHS or GO alone in the PVC
matrix, and the dispersion of the nanofillers is crucial for
the performance of the nanocomposites.

Thermal degradation of PVC and its nanocomposites
Figure 8 shows the TGA curves of PVC and corresponding
nanocomposites containing 5 wt.% each flame retardant.
And some important data are summarized in Table 1. As
shown in Fig. 8a, the thermal decomposition of flexible

PVC composites is simply divided into two stages. The first
stage in the temperature range of 150–380 °C is attributed
to the dehydrochlorination of the polymer chain and plasti-
cizer degradation. And the second stage beyond 430 °C
mainly contains cyclization of conjugated polyene se-
quences to form aromatic compounds and oxidation of the
unstable char. However, compared with neat PVC, the
temperature at the maximum rate of weight loss at the first
stage of decomposition (Td,max1) of ZHS/PVC nanocom-
posite was obviously lower than that of PVC, while on the
contrary, the Td,max1 of GO/PVC was slightly higher than
that of PVC. That is because ZHS can catalyze HCl re-
leased from PVC and promote the early crosslinking to the

Fig. 7 SEM photographs of the fractured sections of a PVC, b ZHS/PVC, c GO/PVC, and d ZHS/GO/PVC, respectively, revealing the better
dispersion of ZHS/GO in the PVC matrix than ZHS or GO alone in the PVC matrix

Fig. 8 TGA and DTG curves of pure PVC, ZHS/PVC, GO/PVC, and ZHS/GO/PVC under air condition with raising rate of temperature of 10 °C/min.
ZHS/GO/PVC nanocomposite presents a little degradation behavior compared to the neat PVC, which is attributed to the combination of the
cross-linking effect of ZHS nanoparticles and good mass barrier effects of GO. The temperature at the maximum rate of weight loss at the second
stage of decomposition (Td,max2) of ZHS/PVC, GO/PVC, and ZHS/GO/PVC were obviously higher than that of PVC. These results revealed that the
stability of the residue was enhanced
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PVC compound, while the GO has not the catalytic action.
However, for GO/PVC, the physical barrier effect of GO
can inhibit the mass and heat loss of polymer; therefore,
the Td,max1 of GO/PVC was slightly increased. For the
ZHS/GO/PVC nanocomposite, it presents a little degrad-
ation behavior compared to the neat PVC. These results

attributed to the combination of the cross-linking effect of
ZHS nanoparticles and good mass barrier effects of GO.
The temperature at the maximum rate of weight loss at the
second stage of decomposition (Td,max2) of ZHS/PVC, GO/
PVC, and ZHS/GO/PVC was obviously higher than that of
PVC. These results revealed that the stability of the residue
was enhanced. To the aspect of the formation of the char,
the residues at 650 °C of ZHS/GO/PVC is significantly in-
creased, owning to a catalyze carbonization effect of ZHS
and the physical barrier function of GO. Furthermore,
from DTG profiles (Fig. 8b), the maximum mass loss rate
of ZHS/GO/PVC decreases significantly, suggesting that
ZHS/GO nanocomposites function as a barrier to inhibit
the mass loss during the thermal degradation process.

Fire hazard evaluated by LOI and cone calorimetry
The LOI values of all nanocomposites are presented in
Table 1. The LOI value increases drastically from 24.5 to
27.2 % when the ZHS was added into PVC composites.

Table 1 Summary of the parameters of thermal and mechanical
properties

Sample Td, max1
(°C)

Td, max2
(°C)

Char yield at
650 °C

LOI
(%)

Tensile strength
(MPa)

PVC 297.2 501.4 0.05 24.5 ± 0.1 11.9 ± 0.4

ZHS/PVC 227.2 536.2 2.0 27.2 ± 0.1 13.4 ± 0.2

GO/PVC 299.3 513.1 1.47 25.9 ± 0.1 13.2 ± 0.2

ZHS/GO/
PVC

236.8 527.6 5.1 28.5 ± 0.1 14.3 ± 0.3

Td, max1 the peak value of the first-derivative profiles derived from TGA curves,
Td, max2 the peak value of the second-derivative profiles derived from
TGA curves

Fig. 9 HRR (a), THR (b), SPR (c), and TSR (d) versus time curves of PVC and its nanocomposites obtained from cone calorimetry test with a heat
flux of 35 kW/m2, in which ZHS/GO nanohybrids show the lowest pHRR, THR, SPR, and TSR compared to other nanocomposites, indicating ZHS/
GO nanohybrids possess the best flame retardancy to PVC
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The LOI value of GO/PVC nanocomposite exhibits an
insignificant increase. However, this value is still higher
than the neat PVC system, which increased 24.5 to
25.9 %. In contrast, the LOI value of ZHS/GO/PVC
nanocomposites improves significantly, namely, from
24.5 to 28.5 % when ZHS/GO was added. The results
indicate that ZHS/GO imparts a good flame retardancy
on PVC at low filler loadings which are probably due to
the shielding effect of GO and the catalyzing charring
effect of ZHS (Fig. 9 and Table 2).
The flammability of polymer materials is commonly

characterized by cone calorimeter, which is very effective to
evaluate their flame-retardant properties under real-world
fire conditions. Heat release rate (pHRR), total heat release
(THR), smoke production rate (SPR), and total smoke
release (TSR) curves for PVC and its composites are shown
in Fig. 9, and some important parameters are listed in
Table 2. As shown in Fig. 9a, incorporating 5 wt.% ZHS or
GO into PVC generates pHRR decrease to 242.5 and

327.1 kW/m2, corresponding to a 35.7 and 13.2 % reduc-
tion compared to pure PVC, respectively. The pHRR and
THR for ZHS/GO/PVC show a further decrease compared
to the GO/PVC or ZHS/PVC, which are just 185.5 and
33.45 kW/m2 corresponding to a 50 and 59.7 % reduction
to pure PVC, respectively. In addition, the samples having
ZHS/GO nanohybrids show the lowest SPR, TSR, and
AMLR compared to other nanocomposites, which con-
forms well to the TGA, pHRR, and THR results. The su-
perior flame retardancy of ZHS/GO/PVC mainly includes
three reasons: the barrier effect of GO, which retards the
permeation of heat and the escape of volatile degradation
products; the catalytic carbonization effect of ZHS to form
more and better chars, which decrease the flammability of
PVC; and the ZHS-contained Zn element should play an
important role to eliminate volatile organic compounds
and toxic gases during combustion reactions [27]. The pro-
posed mechanism for the improved fire-resistant properties
of the ZHS/GO/PVC nanocomposite is illustrated in Fig. 10.
During the combustion process, the ZHS nanoparticles
loaded on GO prevent the GO from re-stacking and result
in the good dispersion. Meanwhile, GO can function as a
physical barrier to absorb degradation products and extend
contact time with ZHS catalyst. Degradation products
continually collect on the GO, which serves as a template
for the formation of char. Furthermore, the degradation
products are catalytically converted into char by the com-
bination of the physical barrier effect of GO and the cata-
lytic effect of ZHS.

Table 2 Cone date of PVC, ZHS/PVC, GO/PVC, and ZHS/GO/PVC

sample pHRR (kW/m2) THR (MJ/m2) TSR (m2/m2) AMLR (g/s)

PVC 377.1 83.12 4282 0.36

ZHS/PVC 242.5 59.35 3383 0.20

GO/PVC 327.1 67.66 3737 0.30

ZHS/GO/PVC 185.5 33.45 2467 0.15

pHRR the peak heat release rate, THR total heat release, TSR total smoke
release, AMLR average mass loss rate

Fig. 10 Schematic representation of the mechanism for the improved fire-resistant properties of the ZHS/GO/PVC nanocomposite, showing that
the synergistic effect between ZHS and GO can better improve the flame-retardant performance of PVC
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The mechanical properties of PVC and its
nanocomposites
The values of tensile strength of PVC and its nano-
composites with different additives are presented in
Table 1. Pure PVC shows a high tensile strength of
12.9 MPa. When ZHS and GO are added, the tensile
strength at break of composite is increased to 13.4
and 13.2 MPa, respectively. In addition, the tensile
strength at break of ZHS/GO/PVC nanocomposite
increases from 12.9 to 14.3 MPa. The increase of the
tensile strength could be interpreted on the basis of
following factors: the strong interfacial adhesion and
good dispersion of ZHS/GO in the PVC, resulting in
effective load transfer from the polymer to GO [28];
the enhancement of crosslink density is due to the
hydroxyl on the surface of nanoparticles [29]; and
the viscous energy absorption and crack deflection
[30]. Especially, ZHS nanoparticles could prevent the
restack of GO and GO could also ensure ZHS nano-
particles remain well dispersed in PVC, thereby en-
hancing the tensile strength. In addition, the ternary
structure could absorb much more energy than the
binary nanocomposites [31, 32], namely, the effective
synergistic strengthening in ZHS/GO/PVC achieves
the high mechanical properties, superior to ZHS/
PVC and GO/PVC nanocomposites (Fig. 11).
Dynamic mechanical analysis (DMA) test was performed

to determine the reinforcement of ZHS/GO on the dy-
namic mechanical properties of the PVC nanocomposites.
Figure 11 shows the storage modulus of neat PVC and its
nanocomposites. It can be seen that the storage modulus of
either ZHS/PVC or GO/PVC is increased compared to that
of neat PVC within the entire temperature range, which is

attributed to the reinforcement effect of additives. Similar
with the tensile strength, the storage modulus of ZHS/GO/
PVC nanocomposite further increased compared to ZHS/
PVC and GO/PVC, which is also attributed to the synergis-
tic reinforcement effect of ZHS/GO nanohybrids in poly-
mer matrix.

Conclusions
ZHS/GO nanocomposites were successfully synthe-
sized. The morphological characterization showed that
the synthetic ZHS/GO nanocomposites exhibited some
independent and separate ZHS nanoparticles are well
distributed on the surface of GO. TGA revealed that
the ZHS/GO nanocomposites could enhance the resi-
due yield compared with pure GO. The incorporation
of 5 wt.% ZHS/GO nanocomposites into PVC led to
the improvement of Td,max2, char residue, DTG peak
value, LOI, and mechanical properties compared to
those of pure PVC. Furthermore, the pHRR and THR
values for ZHS/GO/PVC were significantly reduced by
50 and 59.7 %, respectively, compared to those of pure
PVC. Moreover, the amount of organic volatiles re-
leased during the combustion of PVC was significantly
reduced after incorporating ZHS/GO. The improved
flame retardancy was obtained through the synergistic
effect between ZHS nanoparticles and GO nanosheets,
resulting from the physical barrier effect acted by GO
in combination with the effect of ZHS.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
TG did the experiment, data collection, and draft writing; LC and ZW gave
their contributions on the experimental design and guidance; LY gave his
contributions on the paper modification; ZL and ZZ took part in the
contributions on the research design, data analysis, and discussion, as well as
the main paper organization. All authors read andapproved the final
manuscript.

Acknowledgments
This work is supported by National Basic Research Program of China, Grant
No. 2015CB674703, Science and Technology Research Program of Henan
Educational Committee, Grant No. 16A430001 and National Natural Science
Foundation of China, Grant No. 21371050.

Author details
1National & Local Joint Engineering Research Center for Applied Technology
of Hybrid Nanomaterials, Henan University, Kaifeng 475004, People’s Republic
of China. 2Collaborative Innovation Center of Nano Functional Materials and
Applications of Henan Province, Henan University, Kaifeng 475004, People’s
Republic of China. 3Department of Petrochemical Engineering, Puyang
Vocational and Technical College, Huanghe Road, Puyang 457000, Henan,
People’s Republic of China.

Received: 12 January 2016 Accepted: 4 April 2016

References
1. Eda G, Fanchini G, Chhowalla M (2008) Large-area ultrathin films of reduced

graphene oxide as a transparent and flexible electronic material. Nat
Nanotechnol 3:270

Fig. 11 Storage modulus curves of PVC and its nanocomposites as a
function of temperature, showing ZHS/GO/PVC nanocomposite has
the high-storage modulus, which is attributed to the synergistic
reinforcement effect of ZHS/GO nanohybrids in polymer matrix

Gao et al. Nanoscale Research Letters  (2016) 11:192 Page 9 of 10



2. Liu CG, Yu ZN, Neff D, Zhamu A, Jang BZ (2010) Graphene-based
supercapacitor with an ultrahigh energy density. Nano Lett 10:4863

3. Gong SS, Cui W, Zhang Q, Cao AY, Jiang L, Cheng QF (2015) Integrated
ternary bioinspired nanocomposites via synergistic toughening of reduced
graphene oxide and double-walled carbon nanotubes. ACS Nano 9:11568

4. Cheng QF, Duan JL, Zhang Q, Jiang L (2015) Learning from nature:
constructing integrated graphene-based artificial nacre. ACS Nano 9:2231

5. Cheng QF, Jiang L, Tang ZY (2014) Bioinspired layered materials with
superior mechanical performance. Acc Chem Res 47:1256

6. Wang JF, Cheng QF, Tang ZY (2012) Layered nanocomposites inspired by
the structure and mechanical properties of nacre. Chem Soc Rev 41:1111

7. Huang GB, Gao JR, Wang X, Liang HD, Ge CH (2012) How can graphene
reduce the flammability of polymer nanocomposites. Mater Lett 66:187

8. Han YQ, Wu Y, Shen MX, Huang XL, Zhu JJ, Zhang XG (2013) Preparation
and properties of polystyrene nanocomposites with graphite oxide and
graphene as flame retardants. J Mater Sci 48:4214

9. Ming P, Song ZF, Gong SS, Zhang YY, Duan JL, Zhang Q, Jiang L, Cheng QF
(2015) Nacre-inspired integrated nanocomposites with fire retardant properties
by graphene oxide and montmorillonite. J Mater Chem A 3:21194

10. Jiang SD, Bai ZM, Tang G, Song L, Stec AA, Hull TR, Zhan J, Hu Y (2014)
Fabrication of Ce-doped MnO2 decorated graphene sheets for fire safety
applications of epoxy composites: flame retardancy, smoke suppression and
mechanism. J Mater Chem A 2:17341

11. Mochane MJ, Luyt AS (2015) Synergistic effect of expanded graphite,
diammonium phosphate and Cloisite 15A on flame retardant properties of
EVA and EVA/was phase-change blends. J Mater Sci 50:3485

12. Jiang SD, Bai ZM, Tang G, Hu Y, Song L (2014) Synthesis of ZnS decorated
graphene sheets for reducing fire hazards of epoxy composites. Ind Eng
Chem Res 53:6708

13. Wang X, Zhou S, Xing WH, Yu B, Feng XM, Song L, Hu Y (2013) Self-assembly
of Ni-Fe layered double hydroxide/graphene hybrids for reducing fire hazard
in epoxy composites. J Mater Chem A 1:4383

14. Wang D, Zhou KQ, Yang W, Xing WY, Hu Y, Gong XL (2013) Surface
modification of graphene with layered molybdenum disulfide and their
synergistic reinforcement on reducing fire hazards of epoxy resins. Ind Eng
Chem Res 52:17882

15. Jiao YH, Wang X, Peng F, Xu JZ, Gao JG, Meng HJ (2014) Increased flame
retardant, somoke suppressant and mechanical properties of semi-rigid
polyvinyl chloride (PVC) treated with zinc hydroxystannate coated dendritic
fibrillar calcium carbonate. J Macromol Sci B 53:541

16. Qu HQ, Wu WH, Zheng YJ, Xie JX, Xu JZ (2011) Synergistic effects of
inorganic tin compounds and Sb2O3 on thermal properties and flame
retardancy of flexible poly(vinyl chloride). Fire Saf J 46:462

17. Cusack PA, Hornsby PR (1999) Zinc stannate-coated fillers: novel flame
retardants and smoke suppressants for polymeric materials. J Vinyl Addit
Technol 5:21

18. Li ZW, Shao B, Huang YS, Li XH, Zhang ZJ (2014) Effect of core-shell zinc
hydroxystannate nanoparticle-organic macromolecule composite flame
retardant prepared by masterbatch method on flame-retardnat behavior and
mechanical properties of flexible poly(vinyl chloride). Polym Eng Sci 10:1983

19. Hummers WS, Offeman RE (1958) Preparation of graphitic oxide. J Am
Chem Soc 80:1339

20. Gao TT, Li ZW, Yu LG, Zhang ZJ (2015) Preparation of zince hydroxystannate
nanocomposites coated by organnophosphorus and investigation of their
effect on mechanical properties and flame retardancy of poly (vinyl
chloride). RSC Adv 5:99291

21. Jeong HK, Lee YP, Lahaye RJWE, Park MH, An KH, Kim IJ, Yang CW, Park CY,
Ruoffand RS, Lee YH (2008) Evidence of graphitic AB stacking order of
graphite oxides. J Am Chem Soc 130:1362

22. Hornsby PR, Cusack PA, Cross M, To′th A, Zelei B, Marosi G (2003) Zinc
hydroxystannate-coated metal hydroxide fire retardants: fire performance
and substrate-coating interactions. J Mater Sci 38:2893

23. Zhao YC, Song XY, Song QS, Yin Z (2012) A facile route to the synthesis copper
oxide/reduced graphene oxide nanocomposites and electrochemical
detection of catechol organic pollutant. Cryst Eng Comm 14:6710

24. Whitby RLD (2014) Chemical control of graphene architecture: tailoring
shape and properties. ACS Nano 8:9733

25. Konkena B, Vasudevan S (2012) Understanding aqueous dispersibility of
grapheme of graphene oxide and reduced grapheme oxide through pKa
measurements. J Phys Chem Lett 3:867

26. Alamri H, Low IM (2012) Effect of water absorption on the mechanical
properties of nano-filler reinforced epoxy nanocomposites. Mater Des 42:214

27. Sanz O, Delgado JJ, Navarro P, Arzamendi G, Gandia LM, Montes M (2011)
VOCs combustion catalyzed by platinum supported on manganese
octahedral molecular sieves. Appl Catal B-Environ 110:231

28. Qian XD, Yu B, Bao CL, Song L, Wang BB, Xing WY, Hu Y, Yuen RKK (2013)
Silicon nanoparticles decorated graphene composites: preparation and
reinforcement on the fire safety and mechanical propertied of polyurea. J
Mater Chem A 1:9827

29. Amigues P, Teichner SJ (1966) Mechanism of the catalytic oxidation of
carbon monoxide on zinc oxide. Discuss Faraday Soc 41:362

30. Min KS, Lee B, Shi HK, Lee JA, Spinks GM, Gambhir S, Wallace GG, Kozlov
ME, Baughman RH, Seon JK (2012) Synergistic toughening of composite
fibres by self-alignment of reduced graphene oxide and carbon nanotubes.
Nat Commun 3:650

31. Wang JF, Cheng QF, Lin L, Jiang L (2014) Synergistic toughening of
bioinspired poly(vinyl alcohol)-clay-nanofibrillar cellulose artificial nacre. ACS
Nano 8:2739

32. Wan SJ, Li YC, Peng JS, Hu H, Cheng QF, Jiang L (2015) Synergistic
toughening of graphene oxide-molybdenum disulfide-thermoplastic
polyurethane ternary artificial nacre. ACS Nano 9:708

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

Gao et al. Nanoscale Research Letters  (2016) 11:192 Page 10 of 10


	Abstract
	Background
	Methods
	Preparation of GO nanosheets
	Preparation of ZHS/GO nanohybrids
	Preparation of ZHS/GO/PVC composite
	Apparatus and experimental method

	Results and discussion
	Structure characterization of ZHS/GO
	Morphology of PVC and its nanocomposites
	Thermal degradation of PVC and its nanocomposites
	Fire hazard evaluated by LOI and cone calorimetry
	The mechanical properties of PVC and its nanocomposites

	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

