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In this work, hydroxyl-terminated polydimethylsiloxane (H-t-PDMS) nanocomposites reinforced by different
contents of graphene oxide nanoribbons (GONRs) were prepared via a facile solvent-free process, and the
mechanical properties of the H-t-PDMS/GONR nanocomposites were investigated and compared with
the corresponding nanocomposites containing pristine carbon nanotubes (CNTs) or functionalized CNTs
(f-CNTs). It was found that the GONRs with abundant functional groups showed good compatibility with
the H-t-PDMS matrix at appropriate content: both good dispersion levels of the GONR sheets and strong
GONR/matrix interfacial interactions were achieved at low filler content (=0.5 wt%), although the GONR
sheets showed obvious clusters in the matrix at relatively high content. Mechanical testing indicated that
the incorporation of a low content of GONRs into the H-t-PDMS polymer resulted in significant
improvements in both the tensile and tear strengths, e.g. about 158 and 284% at 0.5 wt% GONRs,
respectively; and such reinforcement efficiency of the GONRs in the PDMS nanocomposites was much
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Accepted 11th April 2017 better than those of the corresponding CNTs or f-CNTs, even superior to those of other carbon
nanofillers in previous PDMS-based nanocomposite systems. Based on the morphology and fracture

DOI: 10.1039/c7ra02435h surface analysis, the possible reinforcing mechanisms were discussed and clarified to understand the
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1. Introduction

Polydimethylsiloxane (PDMS) polymer is a well-known elastomer
with versatile and desirable properties, showing wide application
in various fields, e.g. aerospace, automobile, building, and elec-
tric industries. Its performance is superior to ordinary organic
rubbers due to excellent chemical stability, high thermal resis-
tance, outstanding insulating properties, low toxicity,” and very
low glass transition temperature (T,), as well as unique linear
elasticity over a broad range of temperatures (—40 to 400 °C) and
strains.®* However, the intermolecular forces among PDMS poly-
mer chains are relatively weak since Si-O bond exhibits larger
bond length than C-C bond.* Hence, PDMS polymer usually
shows a low mechanical strength (0.1-0.4 MPa), which limits its
mechanical component used in practical applications.
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discrepancies in the mechanical properties of the nanocomposite systems studied.

To overcome the above shortages, numerous attempts such
as mixing PDMS polymers with a second phase of superior
nanofillers (e.g. nano-silica,” carbon black,® montmorillonite,’
polyhedral oligomeric silsesquioxanes (POSS),® and their
combination®), have been made to improve the stiffness and
strength and even enhance the thermal properties. Typically,
silica nanoparticles have been widely used to enhance the
mechanical performance of PDMS-based nanocomposite
materials;®> and high content of silica nanoparticles is normally
required to be incorporated into PDMS polymer and thus obtain
an ideal enhancement in tensile strength, e.g. from ~0.48 MPa
for pure PDMS to ~1.10 MPa (~129% increase) for PDMS
nanocomposites containing 25 wt% fumed silica nano-
particles.” While such a high content of nanofillers usually
increases the viscosity of the PDMS nanocomposites and thus
produces some drawbacks such as time- and energy-
consumption and loss of control on the particle dispersion
degree that results into serious filler clusters," thus inevitably
inducing the difficultly in processing of the PDMS nano-
composites. Therefore, mechanical reinforcement in PDMS-
based nanocomposites with low filler content is highly
desired and required for developing lightweight and flexible
materials in practical application.
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Carbon nanofillers including carbon nanotubes (CNTs),
graphite, graphene sheets and their derivatives have recently
received considerable interest for improving the mechanical and
functional properties of various polymers due to their unique
structure and intriguing physical performance."** Among these
carbon nanofillers, graphene nanoribbons (GNRs) integrate the
structures and properties of 1D CNTs and 2D graphene
sheets,”** and exhibit excellent chemical/physical proper-
ties.>?® Especially, graphene oxide nanoribbons (GONRs) are
narrow strips of graphene oxide (GO) sheets with high length-to-
width ratio (usually more than 10, similar to CNT) and high
specific surface area (~511 m* g~ '),> which can be fabricated by
longitudinal unzipping CNTs or chemical vapor deposition
method.?”**>* Moreover, many functional groups e.g. hydroxyl,
carboxyl and epoxy groups can be created during the unzipping
process,* making them ideal fillers for polymer-based nano-
composites. Previous work has demonstrated that addition of
the GONR sheets or their derivatives not only produced good
reinforcement efficiency (enhancement% per filler content%) on
epoxy polymer,* but also enhanced the thermal and tribological
performance of epoxy,* even provided other functionalities such
as electrical conductivity of polyimide fiber.***¢

During the past several years, carbon nanofillers were also
reported as effective reinforcements for PDMS polymer,®*7*°
even endowing it with ideal functionalizes such as thermal
conductivity.** For example, the combined use of solution
mixing (hexane as dispersing solvent) and ball-mill procedure
provided produced improved tensile strength (~113% at 3.0
wt% graphene) of methyl vinyl silicone rubber (MVSR) poly-
mer,* although the relatively good dispersion levels of gra-
phene sheets were obtained in the matrix. Recently, GONRs
unzipping the multi walled carbon nanotubes (MWCNTSs) were
synthesized to reinforce the MVSR using a tetrahydrofuran-
based solution mixing approach; and the results revealed that
addition of GONR sheets was found to significantly enhance
thermal stability and mechanical properties, and at 2.0 wt%
GONR content the tensile strength and elastic modulus of
MVSR increased by 67% and 93%, respectively.** However, in
these above PDMS nanocomposites, the sheet/matrix interfacial
interactions are still very poor due to their incompatible func-
tional groups (e.g. methyl vinyl groups of MVSR vs. hydroxyl and
carboxyl groups of GONRs), which greatly limit the capacity for
the enhanced mechanical performance of the nano-
composite.*>** Moreover, although the solution mixing method
proves to be efficacious in dispersing the graphene and its
derivatives, they still showed some deficiency and limitation for
practical applications since they involve in liquid solvent phases
are harmful to environment and health.

In this work, we synthesized GONR sheets by longitudinal
unzipping MWCNTs to reinforce the PDMS polymer at low filler
content via a facile and environmentally friendly solvent-free
process. To obtain the good compatibility of GONRs in PDMS
matrix, hydroxyl-terminated PDMS (H-t-PDMS) polymer was
used as matrix since the hydroxyl end-groups of H-t-PDMS
polymers are expected to react with the hydroxyl and carboxyl
groups on the GONR surface during the cross-linking process.
As expected, efficient GONR/matrix interfacial interactions in
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the H-t-PDMS nanocomposites were obtained at low filler
content. The mechanical properties of the nanocomposites
were measured and compared with those of the corresponding
nanocomposites containing pristine or functionalized CNT (f-
CNT). The results demonstrated that the reinforcement effi-
ciency of GONR in the H-t-PDMS polymer is much higher than
those of CNTs, f-CNTs and carbon nanofillers in the PDMS-
based nanocomposites. Finally, the possible reinforcing mech-
anisms were discussed based on the microscopic structures and
morphologies of the three carbon nanofillers and their nano-
composites studied.

2. Experimental

2.1. Materials

Commercially available MWCNTs (50 um in length and 20-
30 nm in outer diameters, Timestub TM) were supplied by
Chengdu Organic Chemicals Co., Ltd., China. H-t-PDMS poly-
mer was purchased from Zhejiang Xin'an Chemicals Co., Ltd.,
China. Various acids including concentrated sulfuric acid,
hydrochloric acid and concentrated nitric acid were provided
from Beijing Chemical Factory. Potassium permanganate was
supplied by Shanghai Lingfeng Chemical Reagent Co., Ltd.,
China. Hydrogen peroxide (H,O,, 30%) and tetraethylorthosi-
licate (TEOS) were supplied by Sinopharm Chemical Reagent
Co., Ltd., China (SCRC). Dibutyltindilaurate (DBTDL) as catalyst
was purchased from Alfa Aesar. All of the chemicals and
solvents were of analytical grade and used as received.

2.2. Preparation of f-CNT and GONR

The f-CNTs were prepared according to the previous work.*
Typically, 3 ¢ MWCNTs were added into a mixture of concen-
trated H,SO,/HNO; (675 : 225 mL) with stirring and sonication
for 0.5 h. Then the solution was refluxed for 6 h at 80 °C, and
kept over night after being added into a mass of ice-deionized
water. The mixture was washed with deionized water (3-5
times) and dialyzed in deionized water for several days until it
become neutral pH solution.

GONRs were synthesized by longitudinal unzipping of
MWCNTs, as reported by James Tour and co-workers.”” Typi-
cally, 1 g MWCNTs were dispersed in 200 ml concentrated
H,SO, and sonicated for 0.5 h, then stirred at room temperature
for 1.0 h. 5 g KMnO, was slowly added to the dispersion and
stirred at room temperature for 1.0 h. After sonicated for 0.5 h,
the solution was stirred for another 1.0 h. The mixture was
heated to 70 °C for 1.0 h with stirring and quenched into a mass
of ice distilled water with excessive hydrogen peroxide (H,O,,
30%), and kept overnight. The dispersion was centrifuged and
washed for several times with 5% aqueous hydrochloric acid
(HCI) to remove metal ions, then washed with distilled water to
remove acid and dialyzed in deionized water for several days to
neutral or weak acidic state.

2.3. Fabrication of H-t-PDMS-based nanocomposites

For preparation of H-t-PDMS/GONR nanocomposite samples
(Fig. S1t1), GONR/water suspension from dialysis was firstly
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sonicated for 0.5 h and directly dispersed in H-t-PDMS polymer
without using any solvents. The mixture was then stirred by
mechanical mixing (800 rpm) at 80 °C for ~6.0 h to evaporate
the water. After adding TEOS and DBTDL, the blend was put in
a vacuum oven for 0.5 h to degas, followed by curing in a mould
at room temperature for 7 d. The filler content of GONR in H-t-
PDMS nanocomposites varied from 0 to 1.0 wt%. For compar-
ison, all the pure H-t-PDMS, H-t-PDMS/CNT and H-t-PDMS/f-
CNT nanocomposites were also fabricated according to the
same procedure for the H-t-PDMS/GONR nanocomposites.

2.4. Characterizations

Fourier transform infrared spectroscopy (FTIR) was conducted
using the KBr pellet technique (Bruker Alpha-T) to detect the
various bond and groups in the fillers, recorded in the scan
ranging from 4000 to 400 cm™'. The structures and morphol-
ogies of CNTs, f-CNTs and GONRs were observed by both the
transmission electron microscopy (TEM, HITACHI H-7650) and
scanning electron microscopy (SEM, Zeiss ultra plus; and Nova
Nano SEM450, FEI). All the samples were collected on copper
grids (200 mesh). And, the dispersion of different content of
GONRs in H-t-PDMS was observed by transmission optical
microscopy (TOM, Nikon Eclipse LV100 POL). X-ray diffraction
(XRD) measurements were conducted using D/Max2550V X-ray
diffractor (Rigaku, Japan) and scanned in the range 26 from
5° to 40° at a scanning rate of 2° min~'. Raman spectra were
recorded with SENTERRA Micro Raman Spectroscopy (Bruker
Instrument, Germany). Thermo gravimetric analysis (TGA) of
CNTs, f-CNTs and GONRs were conducted by using TA Q500
Instruments from room temperature to 800 °C with a heating
rate of 10 °C min ' in a nitrogen atmosphere.

The mechanical properties of the nanocomposites were
measured by a universal testing machine (Ametek Ls100plus) at
room temperature. According to GB/T 528-2009, tensile tests
used standard dumbbell-shaped specimens (115 mm long x 25
mm width x 2 mm thick) at a crosshead speed of 500 mm
min~". For tear tests, the un-nicked 90° angle specimens (100
mm x 19 mm width x 2 mm thick, according to GB/T 529-2008)
were stretched at a crosshead speed of 500 mm min . At least
five samples were measured to obtain average values. The
fracture surface of the samples after tensile test was character-
ized by sputtering gold of 20 s and observed SEM.

3. Results and discussion

3.1. Morphology and structural characterization

Fig. 1a shows the schematic fabrication process and represen-
tative SEM images of GONR and H-t-PDMS/GONR nano-
composites. GONR was synthesized by longitudinal unzipping
MWCNTs and then filled into the H-t-PDMS polymer by the
facile fabricating process (Fig. S1). As expected, compared to
the pristine MWCNTs with large aspect ratio and smooth
surface along their axis (Fig. 1b), the GONR sheets show slightly
rougher surface with wider ribbon structure (Fig. 1c), which is
almost similar to the structure of GO sheet.*® After incorpora-
tion of GONRs into the H-t-PDMS polymer, these GONR sheets
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H-t-PDMS/GONR
nanocomposites

Fig. 1 (a) Schematic of preparation of GONR sheets and H-t-PDMS/
GONR nanocomposites and their high-magnification SEM images: (b)
CNTs, (c) GONRs and (d) H-t-PDMS nanocomposites containing 0.25
wt% GONRs.

present well-embedded state and some of them are even curly in
the H-t-PDMS matrix (see the white arrows in Fig. 1d), sug-
gesting the efficient interfacial interactions obtained between
the sheet and the matrix.

Dispersion stability and TEM images of various fillers can
offer more information about morphology and structural
differences. Due to the chemical inactivity and nonpolarity,
pristine CNTs are bundled and entangled and tend to aggre-
gated (Fig. 2a and b), thus leading to the unstable dispersion in
the aqueous solution (Fig. S21). An enlarged image in Fig. 2c
reveals that the diameter of pristine CNT is 30-50 nm with
a hollow structure and many inner nanotube layers (Fig. 2d).
Comparatively, the digital images in Fig. 2e and S21 show the
GONR/water solution after sonication for 10 min to yield good
dispersion and excellent stability, or even after 17 d of standing
atambient temperature, implying that CNTs would be unzipped
to form GONRs with abundant hydrophilic groups. TEM anal-
ysis further shows that the GONRs remain long (~5 pm in
Fig. 2f) when not cut by the sonication; they display almost
uniform width and rough structure, and the width of GONRs
increased to 120-150 nm after oxidation (Fig. 2g). Notably, some
of these GONRs can be well exfoliated after sonication, and

e

" 120-150 nm
in width

Fig. 2 Dispersion stability in water and typical TEM images of (a—d)
pristine CNTs with smooth surface, and (e—h) as-prepared GONRs,
showing the wrinkled structures.
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some rough surfaces with a few wrinkled structures and defects
can be seen in Fig. 2h, which would be attributed to the
extremely thin thickness and the isolated oxygen reaction sites
during the oxidation process. Moreover, the f-CNTs display
similar structure and feature as the pristine CNTs (Fig. S37),
which are quite different from those of GONRs (Fig. 2g),*
although the dispersion stability of f-CNTs in water is also
greatly improved after surface modification (Fig. S27).

The surface chemical compositions and their changes of
CNTs, {-CNTs and GONRs were further analyzed and verified by
the FTIR, TGA, XRD and Raman spectra. Fig. 3a shows
a comparison of FTIR spectra of various fillers. It can be
observed that the GONRs show the appearance of the absorp-
tion bands assigned to the C=O0 stretching vibrations at ~1720
em ™', and the intensity changes of C=C and C-H peaks (at
~1380 cm ™', ~2970 and ~2870 cm ') imply a number increase
of carboxyl and hydroxyl groups. TGA shows a significant
enhancement in the total weight loss (6, 28 and 57% for CNTs, f-
CNTs and GONRs, respectively) with increasing exposure of
strong oxidants (Fig. 3b), suggesting a number increase of
volatile side-wall functionalities, which confirms the higher
degree of oxidation for GONRs.”

XRD analysis was also performed to further investigate the
structure change of CNTs, f-CNTs and GONRs. Typically, both
the pristine CNTs and f-CNTs have characteristic diffraction
peaks at 26 values of ~26° (graphite (002) reflection peak,*”
Fig. 3c), corresponding to a d spacing of 0.34 nm. While the
GONRs have no visible and obvious peak, suggesting that they
stack together in a loose manner (see Fig. 2h). This indicates the
larger d spacing than that typical bulk graphite structure of both
CNTs and f-CNTs due to considerable functional groups on the
GONR surfaces coming from the strong oxidation process. The
sp® or sp® bonded crystalline domains would be greatly reduced
during the oxidation process, thus producing the loose GONR
structures, which should result in the broadening XRD peak,
and similar phenomenon was also found in XRD spectra of GO
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Fig. 3 Structural characterizations of pristine CNTs, f-CNTs and
GONRs: (a) FTIR spectra, (b) TGA curves, (c) XRD results and (d) Raman
spectra.
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sheets.”®* Moreover, Raman spectroscopy shown in Fig. 3d
exhibits an increased level of disorder (intensity of a D band at
1320-1330 cm™ ') with increasing the degree of oxidation, and
the increased intensity ratio of the D/G band (Ip/Ig, 0.59, 0.93
and 0.92 for CNTs, f-CNTs and GONRs, respectively) reveals the
presence of abundant defects in both f-CNTs and GONRs,
consistent with FTIR and TGA results.

3.2. Microstructure in the H-t-PDMS/GONR nanocomposites

Normally, nanofillers with high specific surface area tend to
attract one another to form the clusters in polymer matrix due
to the complicated van der Waals forces attractions.*** Our
previous work demonstrated that graphene derivatives at rela-
tively high content (>0.5 wt%) caused serious agglomerate
phenomenon in epoxy resin.**** In order to evaluate the
microstructures of GONRs in the H-t-PDMS matrix, both TOM
and SEM images of the H-t-PDMS/GONR nanocomposites were
carried out and shown in Fig. 4. Compared to pure transparent
H-t-PDMS polymer, the H-t-PDMS/GONR nanocomposites turn
into light grey at a low filler content of 0.1 wt%, and gradually
transform into dark grey until black with further increasing the
GONR content (Fig. 4a). Fig. 4b-g present the TOM images of
the dispersion state of H-t-PDMS/GONR nanocomposites con-
taining different filler contents of 0.1, 0.5 and 1.0 wt%. Noted
that the liquid H-t-PDMS/GONR nanocomposite sample was put
in a glass vessel with a fixed thickness of ~0.2 mm. The GONRs
can be highly dispersed in the H-t-PDMS polymer at 0.1 wt%
(Fig. 4b and e); and with increasing the filler content the
dispersion level of GONRs in the H-t-PDMS polymer shows
almost unchanged at 0.5 wt% (Fig. 4c and f), although several
GONR clusters can be observed in the matrix (see the white
arrows). With further increasing the GONR content to ~1.0
wt%, the dispersion level of GONRs shows obvious change:
many black dots (GONR rich zone) can be seen and the cluster
size indeed becomes larger (see Fig. 4d and g), which is likely

(a) || 0 wt% I 0.1 Wt%

Fig. 4 (a) Digital photograph of pure H-t-PDMS and H-t-PDMS/
GONR nanocomposites at different filler content, and TOM images of
the H-t-PDMS/GONR nanocomposites at different magnification: (b
and e) 0.1 wt%, (c and f) 0.5 wt% and (d and g) 1.0 wt%.
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due to the possibility of the complicated interactions between
the adjacent GONR sheets; this phenomenon is very similar to
those of CNTs, graphene sheets or their derivatives in other
polymer nanocomposite systems.>*>*

To further evaluate the microstructures in the H-t-PDMS/
GONR nanocomposites, tensile fracture surfaces of the nano-
composite samples were observed with SEM. Normally,
compared to the relatively smooth fracture surface of pure H-t-
PDMS polymer with low crack resistance (Fig. S47), the H-t-
PDMS/GONR nanocomposites show much rougher fracture
surfaces at different magnification (Fig. 5). As shown in Fig. 5a,
the GONRs in H-t-PDMS polymer at 0.5 wt% content exhibit
relatively good dispersion levels, although the high magnifica-
tion of SEM image in Fig. 5b reveals the existence of small
GONR clusters in the matrix, consistent with the TOM result
(Fig. 4c). Many tortuous river-like structures with ribbons and
hackles induced by the dispersed GONRs are dominant in the
surface, which would restrict the micro-crack propagation in
the nanocomposites (Fig. 1d). Moreover, the GONR/matrix
interfacial quality may be relatively strong and the GONR
sheets are well-embedded in the H-t-PDMS polymer in Fig. 5c.
The strong interfacial bonding could be ascribed to the possible
condensation between the hydroxyl and carboxyl groups on the
GONRs and the hydroxyl groups of H-t-PDMS.** However, at 1.0
wt% GONR content, the fracture surface of the nanocomposite
exhibits different fracture morphologies and features. Some
pseudo-spherical GONR aggregates with ~5 um can be visible
on the surface, as indicated by the black arrows in Fig. 5d; and
such GONR aggregate can debond from the matrix (see Fig. 5e),
suggesting the weak interface between the matrix and the

Fig. 5 SEM images of tensile fracture surface at different magnifica-
tion of H-t-PDMS/GONR nanocomposites with (a—c) 0.5 wt% and (d—
f) 1.0 wt% GONRs.
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aggregate at high GONR content (see the obvious gap in Fig. 5f).
Although it is difficult to well understand the reason why caused
these GONR clusters in the H-t-PDMS matrix at this stage, the
abundant functional groups on GONR surface that could tend
to induce complicated sheet/sheet interactions such as
hydrogen bonding,* could be an important role in inducing the
formation of the GONR clusters in the matrix. In fact, similar
GO clusters and the GO/matrix debonding were also observed in
the previous epoxy/GO nanocomposites.*” Hence, the compli-
cated interactions between sheet/matrix and sheet/sheet in the
H-t-PDMS matrix determine the above microstructures at
different GONR contents, and these phenomena would result in
different impacts on the mechanical performance of the
H-t-PDMS nanocomposites, which will be discussed in the
following section.

3.3. Mechanical properties

The mechanical properties of H-tPDMS/GONR nano-
composites were measured and shown in Fig. 6 and Table S1.}
As shown in Fig. 6a, the typical tensile stress—strain curves show
the increased elongation at break after addition of GONRs, and
obtains the maximum value at 0.5 wt%, and further decreases
with the GONR content from 0.5 wt% to 1.0 wt%. The presence
of GONR provides a significant enhancement of the area under
the curves that indicates the enhanced ductility, thus producing
H-t-PDMS with a flexible cross-linking network.

Fig. 6b-d and Table S11 show the results of tensile testing of
the nanocomposites, including ultimate tensile strength,
Young's modulus, and elongation at break. For the pure H-t-
PDMS, the tensile strength, Young's modulus and elongation
at break are 0.350 MPa, 0.98 MPa and 90.28%. With the incor-
poration of GONRs, the mechanical properties are enhanced
significantly, and saturated at appreciate filling content. The
tensile strength of the H-t-PDMS composite is increased to
0.902 MPa at 0.5 wt% GONRs, ~158% increase when compared
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Fig. 6 Mechanical properties of pure H-t-PDMS and H-t-PDMS/
GONR composites as a function of filler content: (a) typical tensile
stress—strain curves, (b) tensile strength, (c) Young's modulus and (d)
elongation at break.
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to that of pure H-t-PDMS, but decreased to 0.545 MPa at 1.0 wt%
GONRSs. Similarly, incorporation of 0.5 wt% GONRs into H-t-
PDMS polymer produced the highest improvements in both
Young's modulus and elongation at break. As discussed in the
above section, the good dispersion of GONRs in the matrix and
the GONR/matrix strong interfacial interaction should improve
the stress transferring from the H-t-PDMS matrix to the GONR
sheets at low content, thus leading to the improved stiffness
and strength. While the presence of GONR clusters at 1.0 wt%
would induce the stress concentration, which would easily
produce crack initiation and propagation to reduce the stress
transferring efficiency between the matrix and the GONR, thus
lowering the reinforcing effect.

We further performed and compared the mechanical prop-
erties of pure H-t-PDMS and H-t-PDMS nanocomposites with
the three types of carbon nanofillers (CNTs, f-CNTs and GONRs)
at optimum content of 0.5 wt%. Fig. S5f and 7 show the
representative stress-strain curves, tensile strength and
modulus as well as tear strength of these samples, and the
results are summarized in Table 1. Clearly, compared with pure
H-t-PDMS, the tensile strength and tear strength of the H-t-
PDMS/CNT nanocomposites are enhanced by ~53 and ~96%
respectively; and much higher improvements (~85 and ~156%
increase in tensile and tear strength, respectively) are obtained
for the H-t-PDMS/f-CNT nanocomposites. Notably, the rein-
forcing effects are more pronounced for the H-t-PDMS/GONR
composites, corresponding to ~158 and ~284% enhance-
ments in tensile strength and tear strength values. Further-
more, the GONRs also result in the higher improvement (~97%)
in the Young's moduli of the H-t-PDMS polymer than the other
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[ Tear strength (kN/m)
B Young's Modulus (MPa)
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Fig.7 Comparison of tensile and tear strength of pure H-t-PDMS and
its nanocomposites filled with 0.5 wt% various carbon nanofillers
including CNTs, f-CNTs and GONRs.
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two carbon nanofillers (~26 and ~69% for CNTs and f-CNTs,
respectively).

3.4. Reinforcement efficiency and possible mechanism
analysis

Based on the above mechanical properties of the H-t-PDMS/
GONR nanocomposites, we compared the reinforcement effi-
ciencies of PDMS-based nanocomposite systems filled with
various carbon nano-fillers including graphite nanoplatelet
(GNP),*” CNT,* chemically reduced graphene oxide (CRGO),*
carbon nanofiber (CNF),® carbon black (CB),* and GNR,* as
shown in Fig. 8. The PDMS nanocomposite systems chosen in
the figure have optimum improvement in the tensile strength. It
can be found that our H-t-PDMS/GONR sample containing 0.5
wt% GONRs exhibits the highest reinforcement efficiency
(~300%) when compared to other carbon nanofillers. Espe-
cially, incorporation of GONRs into H-t-PDMS shows much
more effective in enhancing the tensile strength compared to
similar MVSR/GNR nanocomposites.*” Clearly, the increment of
mechanical strength depends on not only the type of carbon
nanofillers,* but also other factors (such as aspect ratio, surface
modification, dispersion of filler, matrix type and filler/matrix
interfacial interaction);® and the significance of the above
results consists in the fact that the GONRs are indeed an ideal
reinforcement to improve the mechanical performance of H-t-
PDMS polymer. It is should be also noted such effect of
GONRs that are highly dispersed in the H-t-PDMS polymer
reinforces it at low content without adopting additional steps
like surface functionalization.

Several reasons should be ascribed to the discrepancies in
the mechanical properties of the three H-t-PDMS-based nano-
composite systems. First, the dispersion levels of carbon
nanofillers are quite different. For pristine CNTs, simply phys-
ical mixing of them into H-t-PDMS polymer produces localized
clusters, which leads to CNT-rich and CNT-poor regions and
thus induces the micro-crack inside the clusters to initiate and
propagate easily, leading to mild reinforcing effect in the poly-
mer nanocomposites.®” In contrast, the f-CNTs and GONRs can
be highly dispersed in the H-t-PDMS at appropriate filling
content, which induces much denser and rougher surfaces with
many tortuous surface structures (comparing Fig. S6a with Sé6ct
and 5a), suggesting the effective stress transferring between the
filler and the matrix.*® Second, the difference in the intrinsic
structures of the CNTs, f-CNTs and GONRs is another important
factor. Although no obvious clusters of f-CNTs were observed in
the H-t-PDMS matrix (Fig. Séct), the f-CNTs are curled up and

Table1 Tensile properties and tear strength of pure H-t-PDMS and H-t-PDMS nanocomposites containing 0.5 wt% different carbon nanofillers

Samples E“ [MPa] oy’ [MPa] & [%)] o [MPa]

Pure H-t-PDMS 0.98 + 0.06 0.350 £ 0.015 90.28 + 13.77 0.453 £ 0.037
H-t-PDMS/CNT 1.23 + 0.09 0.537 + 0.026 161.31 + 12.50 0.889 + 0.101
H-t-PDMS/f-CNT 1.66 £ 0.11 0.646 + 0.087 163.88 + 17.47 1.159 + 0.215
H-t-PDMS/GONR 1.93 + 0.14 0.902 + 0.050 179.42 + 22.43 1.739 + 0.255

“ E: elastic modulus. ? oy,: tensile strength. © e: elongation at break. ¢ ¢,: tear strength.
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Fig. 8 Comparison of reinforcement efficiency (strength
enhancement¥%/filler content wt%) at optimal concentration among
various PDMS/carbon nanofiller nanocomposite systems.

thicker as pristine GONRs, leading to a reduced specific surface
area in contact with the H-t-PDMS matrix and thus reducing
their interfacial interaction to promote the stress transferring.>
In addition, careful comparison the Fig. 2h with the Fig. 2d and
S2bf indicates that compared to the atomistically smooth
surface of CNT and f-CNT fillers, both the wrinkled structure of
GONRs likely induces a larger interphase zone around each
sheet, which should remarkably constrains the molecular
mobility of the H-t-PDMS polymer chains.’* This demonstrates
that GONR sheets are ideal additives for reinforcing flexible H-t-
PDMS polymers which are able to wrap around and interlock
effectively with the rough surface.*

Finally, the interfacial interactions between nanofiller and
the H-t-PDMS are also quite different. Due to their chemical
inactivity, pristine CNTs are hardly reacted with the H-t-PDMS
matrix and thus would be pulled out of the polymer matrix
(see Fig. S6b¥), although the relatively long CNTs may bridge the
crack tip at the crack initiation to restrict the crack propaga-
tion.®® Comparatively, the surface functionalization of CNTs is
speculated to improve the CNT/matrix interfacial interactions,*”
which can be evidenced from most f-CNTs embedded tightly in
the matrix and no obvious long CNT can be observed on the
fracture surface (Fig. S6df). In case of the H-t-PDMS/GONR
nanocomposites at 0.5 wt% content, chemical reactions
should occur between the GONRs and the H-t-PDMS molecular
chains during the cross-linking process, and the highly
dispersed GONR sheets would act as cross-linking sites to
provide the strong sheet/matrix interfacial interactions in the H-
t-PDMS nanocomposites, thus promoting their efficient stress
transferring form the matrix to the GONR sheets. In fact,
compared to f-CNTs, much more surface functionalities of
GONRs (Fig. 3b) and their covalent bonding with the H-t-PDMS
can produce efficient interfacial interactions with polymer
chains (Fig. 1d),** which can be well-illustrated by very short
length of GONRs residue on the surface (less than 200 nm in
Fig. 5¢), suggesting the most GONRs would be broken instead of
pullout during the failure process of the nanocomposites.
Similar phenomenon could be also observed in the other edge-
functionalized GNR-filled epoxy and epoxy/RGO nano-
composite.****> Therefore, the good dispersion levels of GONR

This journal is © The Royal Society of Chemistry 2017
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sheets with the wrinkled morphology and high surface area and
the strong GONR/matrix interfacial interactions provide an
improved interphase zone in contact with the H-t-PDMS poly-
mer chains, which is of great significance for the effective stress
transferring from matrix to GONR,* leading to an ideal rein-
forcing effect of H-t-PDMS nanocomposites.

4. Conclusions

In the present work, the GONR sheets by longitudinal unzipping
CNTs were synthesized to reinforce H-t-PDMS polymer by
a facile fabrication processing. The morphology and structural
analysis revealed that the strong oxidative process resulted in
considerable functional groups and rough wrinkled structure
on GONR surface, thus producing a good dispersion of GONRs
in water. The GONR sheets were highly dispersed in the H-t-
PDMS polymer matrix at low filling content (0.1-0.5 wt%), but
formed serious agglomerate when the GONR content was more
than 0.5 wt%. As a result, the H-t-PDMS/GONR nanocomposites
showed the highest tensile properties with the 0.5 wt% GONRs,
which shows better tear strength and reinforcement efficiency
than the corresponding CNT and f-CNT fillers, providing the
best reinforcing effect at 0.5 wt%. The good dispersion of
GONRs with wrinkled structure and high specific surface area as
well as the strong GONR/matrix interfacial interaction should
produced the effective stress transferring between the filler
and the matrix, which should be ascribed to the highest
reinforcement efficiency obtained in the H-t-PDMS/GONR
nanocomposites.
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