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Polymeric nanocomposites with graphene-based nanocarbons (GNCs) have been extensively studied

with emphasis on the percolation of nanofillers toward electrical, rheological, and mechanical reinforce-

ment. In this study, we report an unusual indirect reinforcing phenomenon of highly defective GNCs dis-

persed in the poly(vinyl chloride) (PVC) matrix via densification of the polymer packing originating from

nanoscale confinement. Herein, chemically reduced graphene oxide nanoribbons (C-rGONRs) are

employed as a nanofiller. The inclusion of defective and oxygen-functionalized C-rGONRs resulted in a

dramatic densification of the PVC host with extremely low C-rGONR loading, largely exceeding the

theoretical calculation from a rule of mixture. Along with the densification, the glass transition tempera-

ture of PVC also increased by 28.6 °C at 0.1 wt% filler loading. Remarkably, the oxygen barrier property

and mechanical toughness under tension for the PVC/C-rGONR nanocomposite were the maximum

when the greatest densification occurred. The structure–property relationship of the nanocomposites has

been discussed with an emphasis on the nanoscale confinement phenomenon.

Introduction

Over the last century, polymers have attracted great attention
as suitable candidates outperforming metals and inorganic
materials in some conventional industrial fields owing to their
facile processability, mass productivity, and competitive
cost.1,2 In addition, the kaleidoscopic physical properties of
polymers dependent on the chain configuration, degree of
crystallization, molecular weight, polydispersity index, and vis-
coelasticity make them versatile for various applications.3–5

The physical properties of polymers can be further improved
with the introduction of carbon-based nanofillers (CNFs).
Accordingly, polymer nanocomposites based on such CNFs
possessing good physical properties have been studied
extensively.6–13 The reinforcing effects of CNFs can be classi-
fied as two different mechanisms. The first effect originates
from a significant property gap between the polymer matrix
and CNFs; the outstanding physical properties of CNFs can

intensify the original properties of the polymer matrix and/or
endow a new function.14–17 For example, graphene shows a
high Young’s modulus (∼1.0 TPa),7 high electrical conductivity
(∼106 S cm−1),18 and exceptional thermal conductivity (∼5000
W m−1 K−1),19 which can enable the polymer matrix to with-
stand intensive stress and heat distortion. Moreover, graphene
can increase the diffusion length of gas molecules in polymer
matrices, providing them a barrier property applicable in
advanced technological fields, e.g., in flexible organic displays
and bio-electronics.20,21 The other is an indirect reinforcing
effect of CNFs, affecting the crystallinity and/or interchain con-
formation of polymers. Not only can the edge sites of poly-hex-
agonal carbon structures be a nucleation site for crystallites of
polymer chains but amorphous polymer chains can also be
rearranged on the surface of their basal plane, resulting in a
change in the intrinsic properties of the polymer matrix.22–25

Considering that the physical properties of the most practically
used CNFs do not reach their theoretical properties due to the
presence of numerous defects, a considerable fraction of their
reinforcing effects could be induced by nanoconfinement
effects affecting the intrinsic properties of the polymer matrix.
However, most reported studies focused on the property gap
between CNFs and the polymer matrix, although CNFs have a
large number of topological defects.26

Graphene nanoribbons (GNRs) constitute a family of sp2

carbon allotropes consisting of an infinite quasi-one-dimen-
sional hexagonal carbon array with a high aspect ratio of >100,
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which have large interfacial areas and edge sites27,28 and
exhibit outstanding thermomechanical properties (modulus:
∼1 TPa; thermal conductivity: ∼2400 W m−1 K−1).29,30 Owing
to the high aspect ratio of GNRs, a percolation threshold can
be achieved at a low filler content and polymer chains can be
highly affected by the large number of active sites.
Additionally, when GNRs are prepared by the unzipping of
carbon nanotubes (CNTs), multitudinous oxygen functional
groups27 and topological defects are introduced on their
surface, a considerable number of which remain even after
chemical reduction.31,32 The extensive defect sites can maxi-
mize the interaction between the polymer matrix and the
unzipped graphene oxide nanoribbons (GONRs),23,33,34 while
the intrinsic physical properties of GONRs deteriorate.7,35

Hence, the reinforcing behaviors of GONRs could differ from
those of perfect GNRs and induce inferior reinforcing effects
owing to the property gap but result in a more critical change
in the polymer properties.

In this study, GONRs were prepared by unzipping CNTs and
reduced with hydrazine in order to confirm the reinforcing
effects of chemically reduced GONRs (C-rGONRs) in the
polymer matrix.7,36 In order to maximize the interaction
between the polymer and C-rGONRs, a polar polymer matrix
poly(vinyl chloride) (PVC) was selected. The C-rGONRs have
defective hexagonal carbon structures with a few-nanometer-
scale crystal domains and a large number of oxygen functional
groups (C/O ratio of 6.3), which led to a homogeneous dis-
persion of the C-rGONRs in the polar PVC matrix. It is note-
worthy that the density of the PVC matrix increased dramati-
cally from 1.409 to 1.441 g cm−3 on the addition of 0.1 wt% of
C-rGONRs.37 Considering a C-rGONR density of 1.652 g cm−3,
a density increase of ∼0.032 g cm−3 is exceptionally high. This
unusual densification in the PVC/C-rGONR nanocomposite
implies a large perturbation in the polymer segmental confor-
mation through strong nanoscale interactions between the

PVC and C-rGONRs. We found that the oxygen transmission
rates of PVC and PVC/C-rGONR nanocomposites are closely
connected with the density of the matrix. Moreover, a dramatic
improvement of ∼41% in the toughness was achieved for the
PVC/C-rGONR nanocomposites along with the densification.
These results reveal a remarkable nanoconfinement effect orig-
inating from the C-rGONRs with a defective carbon structure
in the polymer matrix.

Results and discussion

Multi-walled carbon nanotubes (MWCNTs) with a high aspect
ratio (>100) and high persistence length (lsp ∼ 520 nm) were
unzipped in the axial direction (Fig. S1†), resulting in GONRs
with a high contour length of several micrometers, as shown
in Fig. 1(a) and (b).38,39 High-resolution field-emission trans-
mission electron microscopy (FE-TEM) images demonstrated
that the GONRs had a rough surface and an amorphous
carbon structure with no long-range carbon ordering (Fig. 1(c)
and (d)). In addition, the GONR particles were composed of a
few graphene-based layers with a thickness below several nano-
meters (Fig. 1(d)). After chemical reduction with hydrazine,
there was no significant change in their morphologies and
microstructures (Fig. 1(e)–(h)). Microstructures of the GONRs
and C-rGONRs were further characterized by X-ray diffraction
(XRD) and Raman spectroscopy (Fig. 2). The XRD patterns of
both samples were similar to each other and showed a very
broad graphite (002) peak, indicating poor graphitic stacking
ordering (Fig. 2(a)). In the Raman spectra of both samples, dis-
tinct D and G bands were observed, corresponding to the dis-
order in the A1g breathing mode of the six-membered aromatic
ring near the basal edge and reflecting the hexagonal structure
related to the E2g vibration mode of the sp2-hybridized carbon
atoms, respectively (Fig. 2(b)). Therefore, the presence of D

Fig. 1 FE-SEM micrographs of (a) GONRs and (e) C-rGONRs. FE-TEM micrographs of (b), (c) GONRs and (f ), (g) C-rGONRs at different magnifi-
cations, and high-resolution FE-TEM images of (d) GONRs and (h) C-rGONRs.
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and G bands indicates that the GONRs and C-rGONRs are
composed of poly-hexagonal carbon structures. The D to G
band intensity ratio (ID/IG) represents the size of the ordered
poly-hexagonal carbon structures. As the characteristic peaks
of the D and G bands were fused, approximate ID/IG ratios of
GONRs and C-rGONRs were utilized to estimate a specific crys-
talline domain size from the deconvoluted Raman spectra,
which was 1.24 for both samples. And their domain sizes were
calculated to be 13.4 nm.40 Hence, from the Raman results, we
could confirm that GONRs and C-rGONRs are composed of
defective hexagonal carbon structures with nanometer-scale
crystal domains.

The surface properties of GONRs and C-rGONRs were inves-
tigated by X-ray photoelectron spectroscopy (XPS), as shown in
Fig. 3. The C 1s spectra of GONRs indicate diverse carbon
bonding configurations such as CvC, C–C, C–O, and CvO
bonding centered at 284.4, 285.0, 286.5, and 288.5 eV, respect-
ively (Fig. 3(a)). After chemical reduction, similar characteristic
peaks were found while the intensities for the relative C–O and
CvO bonding peaks decreased significantly and those for the
CvC and C–C bonding structures increased (Fig. 3(b)). In the
O 1s spectra of GONRs, the CvO and C–O bonding peaks were
found to be centered at 531.9 and 532.9 eV, respectively

(Fig. 3(c)), and the relative intensity of the CvO to C–O
bonding peaks increased slightly after chemical reduction
(Fig. 3(d)). The C/O ratio for GONRs was 2.3, which increased
remarkably to 6.3 after chemical reduction. However, it is note-
worthy that a considerable number of oxygen functional
groups remained in C-rGONRs. The polar surface properties of
C-rGONRs are key to achieving homogeneous dispersion in di-
methylformamide (DMF), which is indispensable for achieving
the nanocomposite.41 In a dispersion stability test, C-rGONRs
showed a highly stable dispersion behavior during 24 h, which
outperformed the GONRs (Fig. S3†). A stable colloidal dis-
persion suggests that the mixing energy (ΔGmix) between
GONRs and DMF has a negative value. Considering that the
entropy value of ΔGmix calculated using Flory’s equation is
small, ΔHmix could be an extremely small or negative value
according to the equation ΔHmix < TΔSmix. According to eqn
(1), the enthalpy of ΔGmix depends on the balance between
GONRs and the solvent surface energy. Therefore, the dis-
persion result confirmed that C-rGONRs have more compar-
able surface energy with DMF. Considering that DMF is a good
solvent for PVC, it is expected that C-rGONRs have favorable
interfacial adhesion with the PVC matrix:

ΔHmix

Vmix
� 2

TG
ðδG � δsolÞ2ϕ ð1Þ

Further direct evidence of the compatibility between PVC
and C-rGONRs was obtained from contact angle measure-
ments. As shown in Fig. S4,† PVC and C-rGONR films showed
similar contact angles with a water or glycerol droplet, while
GONRs showed a much lower value. The specific surface ener-
gies calculated from the contact angle results are summarized
in Table S1.† Fig. 4 shows the fractured surface images of neat
PVC and PVC/C-rGONR nanocomposites at 0.1 wt% C-rGONR
loading. Unlike the smooth surface of the neat PVC, homoge-
neously dispersed nanofillers resulted in a rough surface of
the nanocomposites where strong polymer–filler interactions
could be established at the nanoscale.13

For the polymer nanocomposites, the dimension of nano-
particles was comparable to the Kuhn length and was smaller

Fig. 4 FE-SEM images for a fractured surface of (a), (c) neat PVC and
(b), (d) PVC/0.1 wt% C-rGONR nanocomposites.

Fig. 2 (a) XRD patterns and (b) Raman spectra of GONRs and
C-rGONRs.

Fig. 3 XPS C 1s spectra of (a) GONRs and (b) C-rGONRs; O 1s spectra
of (c) GONRs and (d) C-rGONRs.
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than the radius of gyration of the polymers. Hence, the isotro-
pic random coil conformation of the polymer segment can be
perturbed by the presence of nanoparticles. Based on these
geometric constraints, various computational studies pre-
dicted the perturbation of molecular packing of the polymer
matrices. For example, de Pablo and his colleagues reported
the entropy-driven evolution of polymer anisotropy at the
polymer–nanoparticle interfaces via Monte Carlo simu-
lations.42 Tuteja et al. reported the expansion of the polymer
dimensions by a small angle neutron scattering (SANS) tech-
nique in thermal polymer nanocomposites where crosslinked
polystyrene (PS) nanoparticles were dispersed in PS matrices.43

Molecular dynamics simulation also predicted the generation
of density fluctuation near nanoparticles by the inclusion of
nanoparticles.44

The nanoconfinement effect on the density of PVC nano-
composites was pronounced and is summarized in Fig. 5(a).
The neat PVC density of 1.409 g cm−3 increased to 1.411,
1.420, 1.438, 1.441, and 1.433 g cm−3 on the addition of
C-rGONRs at 0.01, 0.03, 0.05, 0.1, and 0.2 wt% concentration,
respectively. As C-rGONRs have a density of 1.652 g cm−3, this
dramatic densification cannot be explained by a simple rule of
mixture. Hence, perturbation of the polymer packing near
nanofillers via nanoconfinement could be responsible for the
density change that led to a reduction in the free volume of
the nanocomposites.37,45 The Kuhn length of PVC is 2.6 nm
and the radius of gyration of PVC is expected to be 8–9 nm
considering the molecular weight.46 Here, half of the nano-
filler thickness was ∼2–3 nm, which is comparable to the PVC
Kuhn length and smaller than the PVC radius of gyration.
Hence, the chain conformation and packing of the PVC
segment could be distorted by the C-rGONR nanofillers, result-
ing in the high-density region in comparison with those of the

bulk polymer matrices. In addition to entropic contributions,
high polarizability of the bulky chlorine side chain in PVC
could induce strong molecular interactions by forming multi-
tudinous secondary bonding.47 The PVC/C-rGONR nano-
composites could form strong hydrogen and halogen bonding
with PVC since the C-rGONRs homogeneously dispersed in the
PVC matrix had a high interfacial area and a large number of
oxygen and hydrogen atoms on their surface.48,49 The inter-
action was confirmed via infrared (IR) spectroscopy and XPS
characterization (Fig. S5†). As shown in Fig. S5(a),† the main
O–H bonding peak of C-rGONRs – centered at ∼3435 cm−1 –

was red-shifted after the addition of the C-rGONRs to the PVC
host. Accordingly, the main O–H bonding peak of PVC/
C-rGONRs was found at ∼3298 cm−1. Considering that the PVC
chains show no O–H bonding peaks, the red-shifted peak
could originate from the C-rGONRs added to the PVC host.
The red-shifted peak suggests that the strong interaction
between O–H groups and PVC chains induced the extension of
the oxygen–hydrogen bonding distance, resulting in a decrease
of the wavenumber of O–H bonding. Moreover, in the XPS Cl
2p spectra (Fig. S5(b and c)†), the main C–Cl bonding of neat
PVC chains – centered at 200.4 eV – was red-shifted to 200.0 eV
by the addition of C-rGONRs. The result also supports the
presence of halogen bonding in the PVC/C-rGONR
nanocomposite.

Another point to note is the non-linear increase in the
density with the loading content of C-rGONRs. If C-rGONRs
were randomly dispersed in the polymer host without agglom-
erations, the density should change linearly as a function of
the C-rGONR concentration. However, the maximum density
was achieved at 0.1 wt% loading, implying that a filler loading
too high obstructs the reinforcing behaviors of the C-rGONRs.
As the filler concentration increases, nanoparticles can aggre-
gate through enhanced filler–filler interactions that can cause
further reduction in interparticle separation. The modification
of the intrinsic properties of the PVC matrix with C-rGONRs
was also confirmed by the oxygen transmission barrier per-
formances. According to the Cussler-random array model, as
shown in eqn (2), it is expected that a ribbon-type filler with a
high aspect ratio of >100 typically leads to a reduction in the
oxygen transmission rate by approximately 5% owing to tortu-
ous effects:50

Rp ¼ 1� ϕ

ð1þ αϕ=3Þ2 ϕ ð2Þ

where Rp is the relative permeability (= ratio of oxygen trans-
mission rate (OTR), P/P0); P is the permeability coefficient of
the PVC nanocomposite [cc mm m−2 day−1 atm−1]; P0 is the per-
meability coefficient of the neat PVC [cc mm m−2 day−1 atm−1];
α is the aspect ratio of C-rGONRs; and ϕ is the volume fraction
of C-rGONRs in the PVC matrix. However, as shown in
Fig. 5(a), the PVC nanocomposites including 0.1 wt%
C-rGONRs showed an OTR reduction of approximately 54%
compared with that of neat PVC. This remarkable result
strongly supports that the nanoconfinement effects of

Fig. 5 (a) Density and oxygen transmission rate curves for PVC/
C-rGONR nanocomposites at various loading contents of C-rGONRs.
(b) Distribution of pores in neat PVC and 0.1 wt% C-rGONR nano-
composite according to Hg porosimetry. (c) DSC thermograms of neat
PVC and PVC/C-rGONR nanocomposites at various filler concen-
trations. (d) Summarized glass transition temperature and full width at
half maximum of neat PVC and PVC/C-rGONR nanocomposites against
C-rGONR contents.
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C-rGONRs strongly affected the OTR reduction of the PVC
nanocomposites. To further confirm the densified polymer
packing and reduced free volume, Hg-porosimetry was con-
ducted at different pressures. As shown in Fig. 5(b), neat PVC
had nanopores of up to 27 nm pore size. The addition of
0.1 wt% C-rGONRs induced the obvious suppression of large
pores that can support the aforementioned OTR results. As a
result, the total porosity of 2.82% for the neat PVC decreased
to 2.51% for the 0.1 wt% C-rGONR nanocomposite.

The inclusion of nanoparticles is known to manipulate the
glass transition behaviors of polymer composites.51,52 As
shown in Fig. 5(c), the differential scanning calorimetry (DSC)
thermograms of the PVC nanocomposites indicated a signifi-
cant free volume reduction as evident from a dramatic increase
(∼28.6 °C) in the glass transition temperature (Tg) on inclusion
of C-rGONRs. The summarized DSC results are shown in
Fig. 5(d). In addition to the Tg changes, the full width at half
maximum (FWHM) decreased, demonstrating that the relax-
ation mode of the polymer became more uniform by nanocon-
finement. Interestingly, the tendency of Tg and FWHM
coincided with the densification behaviors and OTR properties
of the nanocomposites. Moreover, further direct evidence was
obtained using FE-TEM micrographs which were characterized
after preparing a thin film of ∼100 nm thickness through the
ultra-microtoming of the PVC/C-rGONR nanocomposite, as
shown in Fig. 7. The images show C-rGONR particles in the
PVC matrix, where the interface between the C-rGONRs and
PVC host shows little bit more contrast, indicating a higher elec-
tronic density. The high contrast region ranges for several nano-
meters with C-rGONRs as the center, which supports the dense
packing of PVC chains in the vicinity of C-rGONRs. Based on
the structure–property relationship of the nanocomposites from
the density, OTR, porosity, and DSC characterization, a sche-
matic image describing the modified polymer packing by nano-
confinement effects of C-rGONRs is presented in Fig. 6.

In order to observe the reinforcing effects of C-rGONRs in
the PVC matrix, the mechanical properties of neat PVC and

PVC/C-rGONR nanocomposites were investigated by ultimate
testing machine (UTM) tests (Fig. 8). The Young’s modulus of
993.8 MPa for neat PVC gradually increased as the C-rGONR
loading increased. At 0.1 and 0.2 wt% loadings of C-rGONRs,
the Young’s modulus values of 1186.8 and 1423.4 MPa were
achieved, respectively, which denoted 19 and 43% reinforce-
ment in comparison with the neat PVC. In addition, the
tensile strength of 44.5 MPa for neat PVC also continuously
increased on the addition of more C-rGONRs and reached 50.0
and 51.6 MPa for the PVC matrices including 0.1 and 0.2 wt%
C-rGONRs, respectively, which corresponded to 12 and 16%
enhancement, compared to that of the neat PVC. Although
remarkable enhancements of the tensile strength on PVC
hosts have been reported, when graphene-based reinforcement
was added, the PVC/C-rGONR nanocomposites show the
highest tensile strength with a significantly low filler loading
in the reported results.53–56 The C-rGONRs were homoge-
neously dispersed in the PVC matrix and showed good inter-
facial adhesion with PVC. Therefore, efficient load transfer
from relatively ductile PVC molecules to the stiff filler could be
possible. Hence, improvement of the Young’s modulus and
tensile strength could be induced by the property gap between

Fig. 8 Mechanical properties of PVC/C-rGONR nanocomposites; bar
graphs of (a) Young’s modulus, (b) tensile strength, (c) elongation at
break, and (d) tensile toughness.

Fig. 6 Schematic exhibiting densification of the PVC matrix via nano-
confinement effects by addition of C-rGONRs.

Fig. 7 (a, b) FE-TEM photographs of C-rGONRs dispersed in the PVC
matrix.
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C-rGONRs and the PVC matrix. On the other hand, an insignif-
icant increase in elongational properties was observed at
∼0.1 wt% of C-rGONR loading, followed by a rapid decrease at
0.2 wt% filler loading. The increased mechanical stiffness of a
conventional polymer composite typically occurs at the
expense of reduced elongational properties, resulting in an
insignificant increase in toughness (or energy to break).
However, in this study, the PVC/C-rGONR nanocomposite
demonstrated a simultaneous increase in the modulus,
strength, and strain-to-failure by the inclusion of the nanofiller
which is a unique property of nanocomposites. This toughness
enhancement suggests that the C-rGONRs effectively behaved
as load transfer sites and prohibited crack propagation. The
largest toughness reinforcement was measured for the PVC/
0.1 wt% C-rGONR nanocomposite (164.0 MJ m−3, 41%
reinforcement). This composition corresponded to the largest
densification where the largest nanoconfinement is expected.
As higher filler loading reduces the interparticle separation
distance that can increase the filler–filler interactions, the
nanoscale interface with strong polymer–filler interactions will
decrease at a certain concentration. When the filler–filler inter-
action exceeds the polymer–filler interactions, the nanointerfa-
cial areas for favorable stress transfer will decrease. The critical
volume fraction for this decrease was estimated at 0.2 wt%
C-rGONRs in the PVC nanocomposites based on the decreased
toughness in uniaxial tension. At this critical concentration,
the density started to decrease, supporting a strong correlation
of nanoconfinement with the anomalous reinforcement in the
PVC/C-rGONR nanocomposites.

Finally, the percolation model was fitted with the Young’s
modulus data as shown in Fig. 9. The shear modulus by perco-
lation theory is calculated using eqn (3):57

G′c ¼ ð1� 2Ψ þ ΨXrÞG′sG′r þ ð1� XrÞΨG′r2

ð1� XrÞG′r þ ðXr � ΨÞG′s ð3Þ

where G′ is the shear modulus, Ψ is the volume fraction of the
percolating rigid phase, and X is the volume fraction. The sub-
scripts s and r indicate soft phase and rigid phase,
respectively.

Here, Ψ is calculated using the equation,

Ψ ¼ 0; X r < Xc ð4Þ

Ψ ¼ Xr
Xr � Xc

1� Xc

� �b

; Xr � Xc ð5Þ

where Xc is the critical volume fraction for percolation.
Xc is provided by the percolation threshold equation for the

sheet-shaped filler:58

Xc ¼ wtl

l
3

� �3 ð6Þ

where w is the width, t is the thickness, and l is the length of
the filler (eqn (4)–(6)). The calculated shear modulus was then
converted to elastic Young’s modulus using the Poisson’s ratio
information for PVC.

As shown in Fig. 9, a conventional percolation model could
not fit the measured mechanical data. Instead, we assumed
1 nm and 2 nm of nanoconfined regions with the Young’s
modulus of the nanofiller. Nanoconfinement with a 1 nm
thick interfacial area still could not explain the reinforcement
effects of C-rGONRs. Remarkably, percolation theory assuming
2 nm nanoconfinement in the vicinity of nanofillers success-
fully fitted the measured mechanical properties. While this
fitting is based on the nanoconfinement effects by pure topo-
logical constraints, it is known that the nanoconfinement is
also strongly dependent on the polymer–filler interactions.59

In general, the strongly attractive polymer–filler interactions
generate larger nanoconfinement effects. Thus, estimation of
the length scale for the nanoconfined interface was not for
precise quantification. Similar nanoconfinement-induced ther-
momechanical reinforcement has previously been reported by
dispersion of 2D nanosheets of transition metal dichalcogen-
ides in poly(vinyl alcohol).60 While the stiffness of the PVA
nanocomposites increased at the sacrifice of elongational pro-
perties, we report a simultaneous increase in stiffness and
strain-to-failure, indicating reinforcement in toughness/
energy-to-break. Along with the nanoconfinement-induced
densification and thermomechanical reinforcement, this
nanocomposite demonstrated dramatic enhancement in the
oxygen barrier properties at an extremely low nanofiller
content of 0.1 wt%.

Experimental
Preparation of C-rGONRs

GONRs were prepared according to a previously reported
method.27 Briefly, 150 mg of MWCNTs (95%, Hanwha
Nanotech Inc., Korea) were immersed in concentrated sulfuric
acid for 12 h at room temperature, and then 750 mg of KMnO4

was added into the solution. The reaction mixture was stirred
at room temperature for 1 h, and then heated to 55–70 °C for
an additional 1 h. The reaction mixture was poured into
400 mL of ice containing 50 mL of 30% H2O2. The solution

Fig. 9 Fitting percolation theory with the assumption of nanoconfined
regions to the Young’s modulus results.
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was filtered using a polytetrafluoroethylene membrane and
washed with distilled water several times. The as-prepared
GONRs were dispersed in distilled water and frozen at
−196 °C. The samples were then freeze-dried at −50 °C and
0.0045 mbar for 72 h. The resulting GONRs were dispersed in
DMF (50 g) by ultrasonication and reacted with hydrazine
(1 mL) at 90 °C for 2 h. After chemical reduction with hydra-
zine, C-rGONR dispersions (0.1 wt%) in DMF were obtained.36

Preparation of PVC/C-rGONR nanocomposites

3 g of PVC (Mw ∼ 43 000, Mn ∼ 22 000, Sigma-Aldrich) was dis-
solved in 30 g of the respective DMF solutions containing 0,
0.001, 0.003, 0.005, 0.01 or 0.02 wt% C-rGONRs to prepare PVC
nanocomposites containing 0, 0.01, 0.03, 0.05, 0.1 or 0.2 wt%
C-rGONRs, respectively at 60 °C and stirred for 30 min.
Subsequently, the PVC and C-rGONR mixture solution was cast
into a polytetrafluoroethylene dish and dried in a vacuum oven
at 50 °C for 7 days to remove the residual solvent.

Characterization

The morphology of the samples was examined using FE-SEM
(S-4300SE, Hitachi, Tokyo, Japan) and FE-TEM (JEM2100F,
JEOL, Tokyo, Japan). The Raman spectra were recorded using a
continuous-wave linearly polarized laser (wavelength:
514.5 nm; 2.41 eV; power: 16 mW). XRD (Rigaku, DMAX 2500)
analysis was performed using Cu-Kα radiation (wavelength λ =
0.154 nm) with an instrument operated at 40 kV and 100 mA.
The laser beam was focused via a 100× objective lens, resulting
in a spot diameter of approximately 1 μm. The acquisition
time was 10 s and three cycles were required to collect each
spectrum. The chemical composition of the C-rGONRs was
examined using XPS (PHI 5700 ESCA, Chanhassen, MN, USA)
with monochromatic Al-Kα radiation (hν = 1486.6 eV).
Densities of the nanocomposites were obtained using a He
pycnometer (Accupyc 1330, gas pycnometer, USA). Hg porosi-
metry is carried out using a Micromeritics Autopore IV 9500 at
room temperature. IR spectra were recorded using a VERTEX
80v, Bruker Optics, Germany. DSC (PerkinElmer 7) tests were
carried out in dry nitrogen gas at a flow rate of 10 mL min−1.
DSC calibration was conducted using indium as the standard,
and the sample weight was 5.0 ± 0.1 mg. Tensile testing of the
nanocomposites was performed using an Instron 4665 UTM in
a uniaxial tension at 20 °C and 30% humidity. The dumbbell-
shaped specimens were prepared in accordance with the ASTM
D 638 standard for tensile testing. The cross-head speed was
set to 2 mm min−1 for the dumbbell-shaped samples. The
mean value of each product was determined as the average
value of the five test specimens. The specific dispersion beha-
viors of C-rGONR in DMF were characterized using Turbiscan
(Formulation, France) with a wavelength of 880 nm. OTR data
were obtained with OX-TRAN Model 2/21 (MOCON,
Minneapolis, MN, USA), by ASTM D3985 at 23 °C and 0% RH.
The size of the tested sample was 50 cm2.

Conclusions

In summary, chemically reduced graphene oxide nanoribbons
(C-rGONRs) with multitudinous oxygen functional groups (C/O
ratio of 6.3) were prepared by unzipping MWCNTs with a high
contour length and persistence length. The one-dimensional
morphological characteristics of C-rGONRs with numerous
edge sites resulted in a high aspect ratio, a large surface area-
to-volume ratio, and defective carbon structures. The inclusion
of C-rGONRs in the PVC matrix induced a dramatic densifica-
tion and Tg increase as well as reduced porosity and broadness
of glass transition at a very low filler loading that cannot be
explained by a simple rule of mixture, which is indicative of a
nanoconfinement phenomenon at vicinal interfaces of nanofil-
lers. At only 0.1 wt% of C-rGONR loading, the nanocomposite
density increased by ∼0.032 g cm−3 with a 28.6 °C rise in Tg,
suggesting significant manipulation of the segmental packing
as well as free volume of the polymer matrices. Accordingly,
the maximum oxygen barrier properties and mechanical
toughness in tension were realized along with the greatest den-
sification, which revealed a strong structure–property corre-
lation in the nanocomposites. These anomalous nanoscale
effects can be distinguished from the typical reinforcing beha-
viors directly originating from the physical properties of fillers.
This study will provide a better understanding of design strat-
egies for cost-effective functional polymer nanocomposites by
minimizing the aggregation and concentration of expensive
nanofillers.
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