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a b s t r a c t

Conventional elastomer processing requires crosslinking elastomer using specific chemical reagents and
reinforcing it using filler particles. Here we report a method to simultaneously crosslink and reinforce
styrene-butadiene rubber (SBR) using graphene oxide (GO). We find that GO not only acts as an effective
reinforcing filler, but also is capable of generating free radicals upon heating, enabling covalent cross-
linking of SBR. Moreover, the interaction between GO surface and SBR polymers results in an interfacial
layer in which the density of crosslinks increases towards to the GO surface, thus interfacial layer shows
much slower relaxation dynamics than the bulk rubber. The unique role of GO allows GO/SBR nano-
composites to have better mechanical properties than SBR crosslinked with conventional sulfur or
dicumyl peroxide. The concept of using GO as both a filler and crosslinking agent may enable the dis-
covery of polymeric nanocomposites with exceeding mechanical properties.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Uncrosslinked rubber behaves like a liquid and cannot support
external load. Crosslinking results in the formation of a permanent
polymer network, enabling rubber with elastic properties similar to
that of a solid. However, the mechanical properties of crosslinked
rubbers, such as styrene-butadiene rubber (SBR) and poly-
butadiene rubber (BR), are barely good enough for most practical
applications [1e3]. It is required to reinforce the crosslinked rub-
bers using filler particles to make them practically useful. As a
result, rubber processing requires introducing both crosslinking
agents and filler particles. This process, however, is very tedious
and energy consuming, as it takes a long time of mechanical mixing
to ensure homogenous dispersion of crosslinking agents and filler
particles in the rubber matrix. Moreover, special care must be taken
when designing a crosslinking recipe; the chemical activity of
curing reagents and the amounts of activator and accelerator that
regulate the crosslinking rate must be carefully balanced. It is
highly desirable to develop a method that enables crosslinking and
reinforcement of rubbers through a one-step process.
. Huang), lhcai@seas.harvard.
To circumvent the difficulties during rubber processing, a
possible strategy is to develop particles that have dual functions;
such particles should not only act as fillers, but also be able to
crosslink rubbers. However, conventional fillers including carbon
black and silica cannot crosslink a rubber, as they are chemically
inert [4]. Similarly, other fillers, such as organoclays, carbon
nanotubes and graphene, cannot serve as crosslinking agents
[5e14]. Unlike conventional fillers, surface treated nanoparticles
that carry highly-reactive functional groups can react with a certain
type of functional groups in the rubber matrix and thus allow the
nanoparticles to be used as crosslinkers. Such nanoparticle-
polymer reaction, however, is often chemically specific and only
applies to particular reaction types; examples include Si-H/vinyl
hydrosilylation, epoxy/carboxyl and amine/isocyanate reactions
[15e19]. These reaction types are only associated with a particular
type of polymer matrices. Unfortunately, the most used unsatu-
rated rubbers do not belong to this category, as the unsaturated
rubbers are typically crosslinked by free radical reaction [4]. Thus, it
will be highly advantageous if a particle can not only act as fillers
but also generate free radicals to induce chemical crosslinking of
unsaturated rubbers.

Herewe report amethod to simultaneouslycrosslinkand reinforce
SBR using graphene oxide (GO). Unlike conventional inert fillers and
surface-treated nanoparticles, GO not only can act as fillers, but also is
capable of generating free radicals upon heating [20e24], enabling
crosslinking of SBR. We find that GO/SBR nanocomposites exhibit
better mechanical performance than conventional crosslinked SBR,
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evidenced by 4 times increase in the tensile strength. Moreover, un-
like conventional crosslinked SBR that has a nearly constant elastic
modulus above glass transition temperature (Tg), the storagemodulus
of GO/SBR nanocomposites decreases as the temperature increases.
We explain this phenomenon by proposing a multi-scale relaxation
mechanism for polymers in the interfacial layer near the GO surface;
in this layer polymers closer to the GO surface have higher Tg due to
higher crosslinking density.

2. Experimental section

2.1. Materials

Highly-purified graphite flakes with a lateral size of about 1 mm
were purchased from Qingdao Ruisheng Graphite Company, China.
SBR latex (21 wt% of SBR content) was kindly provided by Lanzhou
Petrochemical Company, Petro China. Curing reagents and other
reagents were of analytical grade and commercially available.

2.2. Preparation of graphene oxide

Graphene oxide was produced by Hummers' method from
graphite flakes [25], and then dispersed in deionized water by
ultrasonic-treatment. The suspensionwas centrifuged at 10000 rpm
for 15 min to remove unexfoliated graphite.

2.3. Preparation of GO/SBR nanocomposites

We prepared GO/SBR nanocomposites by a latex mixing
method. In this method, the above-mentioned aqueous GO sus-
pension was diluted to 0.1 wt% and then subjected to bath soni-
cation for 0.5 h. SBR latex was then mixed with a prescribed
amount of aqueous GO suspension by mechanical agitating. The
resulting mixture was co-coagulated with sodium chloride solu-
tion, and the solids were filtrated and washed repeatedly with
deionized water and then vacuum dried in an oven at 70 �C for 48 h
to obtain SBR nanocomposites. The GO/SBR nanocomposites were
hot-pressed at 170 �C for different time periods to obtain different
crosslinking densities. For comparison, SBR samples crosslinked
with sulfur and DCP were also prepared. The crosslinking recipe for
sulfur is SBR 100 phr, sulfur 1.75 phr, ZnO 4 phr, CZ 1 phr and stearic
acid 2 phr; while the crosslinking recipe for DCP is SBR 100 phr and
DCP 1.5 phr.

2.4. Characterization

Atomic force microscopy (AFM, MFP-3D from Asylum Research)
was used to characterize the morphology of GO. GO aqueous sus-
pension was deposited on a freshly cleaved mica wafer by spin
coating. AFM images were obtained using a tapping mode under
ambient conditions. Wide angle X-ray diffraction (WAXD) was
performed on a Philips X'Pert Graphics & Identify with Ni-filtered
CuK a radiation (l ¼ 0.154 nm) at a generator voltage of 35 kV
and a generator current of 25mA. Angle scanning was performed at
a speed of 2.4�/min from 5� to 50�. Transmission electron micro-
scope (TEM) was performed on a FEI Tecnai G2 F20 S-TWIN. Ultra-
thin sections were obtained using a Leica Ultracut UCT ultrami-
crotomewith a diamond knife cooled by liquid nitrogen to�100 �C.

The crosslinking process was analyzed with an oscillating disc
rheometer (ODR, Beijing Youshen Electronic Apparatus Factory,
China). After pre-heating the discs of ODR to a temperature of
170 �C, 10 g of GO/SBR nanocomposites was inserted between the
two discs and the torque was monitored as a function of time.
Measurements of differential scanning calorimeter (DSC) were
performed on a Q200 (TA instruments) at 10 �C/min. The weight of
each sample was in the range of 5e7 mg.
The gel content and crosslinking density were determined by

equilibrium swelling measurements. A piece of GO/SBR nano-
composite was immersed in toluene for a week to extract the sol
fraction, during which the solvent bath was replaced with fresh
toluene every day. Crosslink density was determined according to
Flory-Rehner equation [26]:

ve ¼ �lnð1� vrÞ þ vr þ cv2r

vs

�
v
1=3
r � vr=2

� (1)

where nr is the volume fraction of the crosslinked polymer swollen
to equilibrium and ns is the solvent molar volume (106.2 cm3/mol
for toluene). c ¼ 6:53� 10�2 is the SBR-toluene interaction
parameter [27]. The value of nr is obtained according to:

vr ¼ w2=r2
w2=r2 þ ðw1 �w2Þ=r1

(2)

wherew1 is theweight of the swollen gel,w2 is theweight of the gel
after drying, and r1 and r2 are the densities of the solvent and the
rubber, respectively.

The tensile tests were conducted on an Instron 5567 at room
temperature with a cross-head speed of 100 mm/min. The spec-
imen was a dumbbell shaped thin strip (20 � 4 � 1 mm). For each
data point, five parallel measurements were carried out and the
average value was taken; the error bar corresponds to standard
deviations for five measurements. Dynamic mechanical tests were
performed on a DMA Q800 (TA instruments) at a frequency of 1 Hz
from �100 �C to þ 30 �C by using a tensile mode at an oscillation
amplitude of 20 mm. The heating ratewas 3 �C/min. The dimensions
of the rectangle sample strips were 50 � 10 � 1 mm.

X-ray Photoelectron Spectroscopy (XPS) measurements were
performed on an XSAM800 (Kratos) using a monochromatic Mg Ka
X-ray source radiation (hv¼ 253.6 eV) operated at 12 kV and 15mA.
Fourier transform infrared spectroscopy (FTIR) characterization
was performed on a Nicolet IS 10 spectrometer using attenuated
total reflection (ATR). Raman spectra were recorded from 100 to
4000 cm�1 on a LABRAM HR800 confocal micro-Raman spec-
trometer using a 532 nm ND:YAG laser. Electron spin resonance
(ESR) measurements were carried out on a JES-FA200 instrument.
The power and frequency of the microwave radiation were 1.0 mW
and 9.4 GHz, respectively.
3. Results and discussion

We prepare GO/SBR nanocomposites by a two-step process that
involves fabrication of GO and mixing GO with SBR afterwards. We
fabricate GO using graphite according to the Hummers' method
[25]. The GO has a thickness of ~1 nm and a lateral size of ~1 mm, as
shown by the atomic force microscopy (AFM) image in Fig. 1a. We
use a latex mixing method to homogeneously disperse GO in the
polymer matrix without re-stacking. In particular, we mix surfac-
tant stabilized SBR emulsion with a prescribed amount of aqueous
GO suspension, and then add saturated NaCl solution to coagulate
themixture. The coagulatedmaterial is separated from themixture,
and washed using distilled water to remove the salt and surfactant,
followed by vacuum drying. The dried material is further processed
by a twin-roll milling that exfoliates the possibly re-stacked GO
during coagulation and to promote homogenous distribution of GO
in SBR [28,29]. Indeed, GO is homogenously distributed in the SBR
matrix, as shown by the transmission electron microscopy (TEM)
images in Fig. 1b and c. Moreover, the complete exfoliation of GO is
further confirmed by wide angle X-ray diffraction measurements;



Fig. 1. Morphologies and structural characterization of graphite oxide and gra-
phene oxide/styrene butadiene rubber (GO/SBR) nanocomposites. (a) An example
atomic force microscope (AFM) image of GO. (b) An example transmission electron
microscope (TEM) image of GO/SBR nanocomposite with 7 phr GO and (c) its zoomed-
in visualization. (d) X-ray diffraction (XRD) patterns of graphite oxide (red), SBR
(green), and GO/SBR nanocomposites with different amounts of GO: 1 phr (purple),
3 phr (cyan), 5 phr (blue), and 7 phr (black). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Crosslinking SBR by GO. (a) Heat-flow curves of pure SBR and GO/SBR nano-
composites at a heating rate of 10 �C/min measured using differential scanning calo-
rimetry (DSC). The curves are shifted vertically for clarity. (b) Curing curves of pure SBR
and GO/SBR nanocomposites at 170 �C. (c) Gel fraction and crosslinking density as a
function of crosslinking time for the GO/SBR nanocomposite with 3 phr GO.

W. Xing et al. / Composites Science and Technology 144 (2017) 223e229 225
unlike stacked GO that has a characteristic peak at 2q¼ 11.0� due to
the diffraction from multiple layers, this characteristic peak dis-
appears in the GO/SBR nanocomposites, as shown by Fig. 1d.

Because chemical reactions usually generate or absorb heat, we
use differential scanning calorimetry (DSC) to record the heat flow
to test if GO can chemically react with SBR. In contrast to pure SBR
that does not have any exothermic peaks, there are exothermic
peaks between 190 �C and 200 �C for the GO/SBR nanocomposites,
as shown in Fig. 2a. The exothermic peaks strongly suggest the
existence of chemical reactions in the GO/SBR nanocomposites.
However, it is possible that chemical reactions only occur within
GO itself. Indeed, the DSC measurement for pure GO shows an
exothermic peak at 210 �C because of thermal reduction (Fig. S1).
Therefore, to determine if GO chemically react with SBR, we
quantify the heat enthalpy of pure GO, and compare it with the heat
enthalpies of GO/SBR nanocomposites; the heat enthalpy is defined
as the energy corresponding to the exothermic peak and has a unit
of Joule per gram GO (J/gGO). Interestingly, we find that the heat
enthalpies are 851 J/gGO, 943 J/gGO and 841 J/gGO for GO/SBR
nanocomposites with 3 phr, 5 phr and 7 phr GO, respectively; these
values of enthalpies are higher than that of pure GO, 735 J/gGO.
Therefore, chemical reactions do occur between GO and SBR.

To test if the chemical reactions between GO and SRB result in
the formation of a solidlike network, we characterize the curing
process of the GO/SBR nanocomposites in situ using an oscillating
disc rheometer (ODR). We sandwich a GO/SBR nanocomposite
between the two discs of ODR that are preheated to 170 �C, and
monitor the torque during the crosslinking process (Experimental
Section). The temperature 170 �C is slightly below ~190 �C of the
DSC exothermic peaks; this avoids rapid degradation of SBR under
higher temperature. We find that initially the torque decreases due
to lowered viscosity at elevated temperature, followed by a rapid
increase upon crosslinking, and then saturates around the curing
time of 120 min, indicating completion of the crosslinking, as
shown in Fig. 2b; this behavior is reminiscent of conventional SBR
crosslinking using sulfur or dicumyl peroxide (DCP), as shown in
Fig. S2. The complete crosslinking is further evidenced by the large
gel fraction and crosslinking density for the GO/SBR nano-
composites. After crosslinking at 170 �C for 120min, the gel fraction
for the GO/SBR nanocomposite with 3 phr GO is about 98% (wt/wt),
slightly higher than 97.2% of sulfur crosslinked SBR and 94.6% of
DCP crosslinked SBR, as shown in Fig. 2c. At the same time, the
crosslinking density of the nanocomposite is 3.1 � 10�4 mol/cm3,
comparable to 3.2 � 10�4 mol/cm3 of sulfur crosslinked SBR and
4.2 � 10�4 mol/cm3 of DCP crosslinked SBR. Besides, the inclusion
of GO provides additional entanglements, namely physical cross-
linking, caused by p-p interaction between the double bonds on
the rubber molecular chains and the GE nanoplatelets. In addition,
there is no observable increase in torque for pure SBR, as shown by
the green line Fig. 2b; this suggests that the crosslinking cannot
happen within SBR itself. Collectively, our results demonstrate that
GO acts as a crosslinking agent that enables formation of a solidlike
network.

We next quantify the mechanical properties of crosslinked GO/
SBR nanocomposites using tensile tests. The tensile strength of the
GO/SBR nanocomposite with 3 phr GO increases monotonously
with the crosslinking time, and saturates at crosslinking time
120 min with a value of 6.6 MPa; this value is more than 4 times of
pure SBR crosslinked by either sulfur or DCP, as shown in Fig. 3a.
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Moreover, at the crosslinking time 120 min, the tensile strain at
break for the GO/SBR nanocomposite is 820%, noticeably larger
than 530% of sulfur crosslinked SBR and 280% of DCP crosslinked
SBR, as shown in Fig. 3b. Such a noticeable increase in both tensile
strength and strain strongly suggest that GO not only crosslinks the
SBR, but also reinforces the nanocomposites by acting as filler
particles, resulting in much better mechanical properties.

To understand the dual-role of GO as both filler particles and
crosslinking agents, we exploit the chemical structure of GO and its
possibility to change upon heating. Unlike conventional fillers such
as carbon black, GO contains oxygenic groups such as hydroxyls
that may undergo homolytic cleavage at high temperature. The
homolytic cleavage of oxygenic groups on GO generates two types
of radicals; one is radicals carried by the oxygenic groups that can
diffuse into the SRB matrix, whereas the other is localized on the
surface of GO, as illustrated in Fig. 4a. We expect that both the two
types of free radicals can induce crosslinking of SBR, similar to the
crosslinking mechanisms of peroxides [4].

To verify that homolytic cleavage of oxygenic groups can occur
at high temperature, we use X-ray photoelectron spectroscopy
(XPS) to quantify the change of oxygenic groups for pure GO upon
heating. Indeed, after 30 min at 170 �C, we find that the non-
oxygenated carbon (284.6 eV) becomes more abundant, suggest-
ing a decrease in weight fraction of carbon in other structural
groups that include CeO bonds (286.1 eV), carbonyl groups (C]O,
287.6 eV) and carboxylate groups (OeC]O, 289.2 eV), as shown in
Fig. 5a and b. This increase in the relative amount of ring carbon is
partially due to homolytic bond breakage of CeOH and CeCOOH
bonds, which have relatively lower bonding energies (CeCOOH,
348 kJ/mol; CeOH, 358 kJ/mol) compared to other single bonds and
ring CeC bonds (CeH, 413 kJ/mol; OeH, 463 kJ/mol; ring CeC,
473 kJ/mol) [23,30,31].

To provide direct evidence to the generation of radicals by ho-
molytic bond cleavage at high temperature, we perform electron
paramagnetic resonance (EPR) measurements in situ. The EPR in-
tensity is proportional to the concentration of radicals. Due to the
Fig. 3. Effect of curing time on the mechanical properties of GO/SBR nano-
composite with 3 phr GO. (a) Tensile strength; (b) tensile strain. The mechanical
properties of SBR cured with sulfur (dashed line) and dicumyl peroxide (DCP) (dotted
line) are also plotted for comparison.
upper temperature limit of EPR, we measure the intensity of EPR
signal for pure GO at 140 �C. We observe a rapid increase in EPR
signal within 13 min s, followed by a relatively slow increase at
least up to 36 min s, as shown in Fig. 5c; this indicates a continuous
production of radicals due to the cleavage of oxygenic groups on
GO.

The free radicals can either diffuse into the SBR matrix or locate
at the interface between GO and SBR; both enables crosslinking of
the nanocomposites. Indeed, the radical-induced crosslinking re-
action are suggested by the change of two characteristic peaks of
Fourier Transform Infrared Spectroscopy (FTIR): One peak at
1260 cm�1 disappears due to cleavage of phenol groups on GO, and
the other peak at 1643 cm�1 becomes less pronounced due to the
reaction of C]C bonds in SBR induced by the radicals [20,32], as
shown in Fig. 5d. Collectively, our results demonstrate that homo-
lytic cleavage of oxygenic groups in GO generates radicals that allow
crosslinking of GO/SBR composites, as schematically described in
Fig. 4.

In addition to producing free radicals that chemically crosslink
SBR, GO can also physically interact with SBR polymers. The bound
rubber content, which cannot be extracted by good solvents in the
uncrosslinked nanocomposites, is about 37% (wt/wt) prior to
crosslinking, as shown by the circle point on the left in Fig. 2c. Such
noticeable bound-rubber content indicates a strong interfacial
interaction originated from CHep interactions between SBR and
GO. To verify this interfacial interaction, we use FTIRmeasurements
to detect the shifts of characteristic peaks of SBR. Pure SBR shows a
CH2 asymmetric stretching band at 2920 cm�1, a CH2 symmetric
stretching band at 2851 cm�1, a ¼ CeH out-of-plane bending band
at 966 cm�1 and an aromatic ring stretching at 1494 cm�1 [33].
Adding GO in SBR leads to charge transfer between CeH bonds on
SBR and p electron on GO, which weakens CeH bonds [34,35]; as a
result, the characteristic peaks of CeH bonds show red-shifts with
shifting values ranging from 2 to 4 cm�1, as shown in Fig. 6. By
contrast, the aromatic ring stretching has no observable shifting, as
shown in Fig. S3. Our observation collectively suggests that the
CHep interaction dominates the interfacial interaction between
SBR and GO [34,35]. Moreover, we find that crosslinking further
shifts the bands of CeH bonds toward lower wavenumbers, as
shown in Fig. 6; this suggests the chemical bonds between SBR and
GO can enhance the CHep interaction.

Unlike chemical bonding, the physical interfacial interactions
between polymers and GO are not permanent; instead they can
dissociate to allow polymers to relax, and this relaxation can be
accelerated at higher temperature. Based on this understanding, we
thus exploit the viscoelastic properties of GO/SBR nanocomposites
using dynamic mechanical analysis (DMA) at 1 Hz within a tem-
perature range from�70 �C to 150 �C. Interestingly, we observe two
regimes for the GO/SBR nanocomposites: at relatively low tem-
perature from �50 �C to �10 �C, E0 decreases dramatically by two
orders of magnitude from ~109 Pa to ~107 Pa; at the temperature
from �10 �C to 150 �C, E0 exhibits a relatively slow yet noticeable
decrease from 107 Pa to 106 Pa, as shown by the solid lines in Fig. 7a.
This decrease for GO/SBR nanocomposites is in striking contrast to
DCP crosslinked SBR, which shows a nearly constant E0 from�10 �C
to 150 �C. Moreover, we find a second high-temperature peak on
the loss tangent (tand) curves, tand ¼ E}/E0, for the GO/SBR nano-
composites upon temperature sweep; unlike the sharp, narrow
tand peak around the glass transition for SBR crosslinked with DCP,
this second peak is very broad, spreading from �10 �C to 150 �C, as
shown in Fig. 7b. Both the slow decrease in E0 upon temperature
increase and thewide second tand peak indicate awide distribution
of relaxation time for the polymers physically or chemically
adsorbed onto the GO surface.

The effects of interfacial interaction between polymers and GO



Fig. 4. A schematic description of the crosslinking mechanism of GO. The homolytic cleavage of oxygenic groups on GO produces two categories of free radicals, including free
radicals on cleaved groups and free radicals on GO. The free radicals on the cleaved group can diffuse away from GO and lead to crosslinking of the rubber matrix; while the free
radicals on GO are localized and result in interfacial crosslinking between GO and SBR. In addition to chemical crosslinks induced by free radicals, there are also physical crosslinks
(empty circles) due to the absorption of polymers onto GO. The crosslinking density decreases as the distance from the GO surface increases, and eventually becomes a constant.

Fig. 5. Effect of thermal annealing on the chemical structure and free radicals of
GO, and the chemical structure of GO/SBR nanocomposites. C 1s x-ray photoemis-
sion spectra (XPS) of (a) pristine GO and (b) GO after thermal annealing at 170 �C for
30 min. (c) Electron paramagnetic resonance (EPR) spectra of GO heated at 140 �C for
different time. (d) Fourier transform infrared spectroscopy (FTIR) spectra of uncros-
slinked (red line) and crosslinked (black line) GO/SBR nanocomposites with 3 phr GO;
the crosslinking is performed at 170 �C for 2 h. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Characterization on the interfacial interaction between SBR and GO. FTIR
spectra of pure SBR and GO/SBR nanocomposite with 3 phr GO crosslinked at different
time.
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surface on the dynamic mechanical properties of GO/SBR nano-
composites can be qualitatively understood based on a multi-scale
relaxation of polymers. The crosslinking of SBR not only happens in
bulk polymer matrix because of diffusive free radicals, it also
happens on the surface of GO due to the localized free radicals.
Together with the free radical initiated chemical crosslinking on the
interface, the physical CH-p interactions result in absorption of
polymers onto the GO surface, as illustrated in Fig. 4. Both the
chemical and physical interactions may render a surface coated
with polymers forming a de Gennes' carpet-like structure [36], in
which the effective crosslinking density increases towards the
substrate surface, as illustrated in Fig. 4b. Because polymer net-
works of higher crosslinking density have higher glass transition
temperature (Tg) due to reduced polymer mobility, the polymers
closer to the GO surface are likely to have higher Tg [11,37e41].
Consequently, polymers in GO/SBR composites may adapt a multi-
scale relaxation mechanism: As the temperature increases, the



Fig. 7. Dynamic mechanical property. (a) Storage modulus (E0) and (b) loss tangent
(tand) as a function of temperature for DCP crosslinked SBR and GO crosslinked GO/
SBR nanocomposites with different weight fraction of GO.
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polymers far from the GO surface relax first, and followed by the
relaxation of polymers closer to the GO surface. The multi-scale
relaxation is reflected by the decrease in E0 upon temperature in-
crease and a second broad loss tangent peak at relatively high
temperature, as evidenced by Fig. 7.

To roughly estimate the thickness of the restricted interfacial
layer, we fit the tand curve in Fig. 7b with an empirical model of
asymmetric double sigmoid (ADS) proposed by Arrighi and co-
workers [11], as discussed in the supporting information. We find
that thickness values of the interfacial layer of GO/SBR nano-
composites with 3, 5 and 7 phr GO are about 13, 11 and 7 nm,
respectively. A probable reason for the decreased interfacial thick-
ness with increasing GO content is that some graphene layers may
interact with each other and cannot be fully exposed to the rubber
matrix at high GO loadings; this effect is not taken this into
consideration during the calculation process, thus leading to
overestimation of the GO surface area. However, these thickness
values aremuch larger than that of many other nanocomposites, for
example, 1 nm of carbon black and 2~5 nm of silica filled rubber
nanocomposites [11,42e44]. This result suggests the interfacial
interaction is stronger in the GO/SBR nanocomposites.
4. Conclusions

We have developed a method to simultaneously crosslink and
reinforce rubbers using graphene oxide. Unlike conventional inert
filler particles, graphene oxide not only reinforces the rubber by
serving as fillers, but also is able to generate radicals that induce
chemical crosslinking of the rubber. The mechanical properties of
GO/SBR nanocomposites are better than that of rubber crosslinked
by conventional methods; moreover, the properties can in principle
be further improved by tuning the fraction of GO. Importantly, the
existence of an interfacial layer between polymers and GO surface
adds an additional dimension to the parameter space for tuning the
properties of GO/SBR nanocomposites. However, quantitative un-
derstanding of the thickness for interfacial layer and its role in
affecting the mechanical properties of the nanocomposites remain
to be explored. Nevertheless, our system provides a model system
to further explore the effects of interfacial layer on the mechanical
properties of GO/rubber nanocomposites, which has been studied
extensively for 3D spherical filler particles, yet to be investigated for
2D fillers such as GO. Finally, the concept of using graphene oxide as
both filler particles and crosslinking agents may enable the dis-
covery of polymeric nanocomposites with exceeding mechanical
properties.
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