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a b s t r a c t

Nanostructured carbon materials have outstanding physical properties and high aspect ratios. They have
attracted much attention for use as polymer composite reinforcements. In this study, alkylated and
reduced graphene oxide nanoribbons (A-rGONRs) were prepared by unzipping multi-walled carbon
nanotubes (MWCNTs), followed by a simple alkylation/chemical reduction process using a Dean-Stark
trap. A-rGONRs have morphologies with width 30e50 nm and lengths of several micrometers (aspect
ratio >100). They are similar to one-dimensional MWCNTs, but with extended interfacial areas and edge
functional sites. Approximately 25 wt% of the alkyl chains were chemically introduced onto the surface of
A-rGONRs, which gave rise to hydrophobic properties and a surface energy of 23.8 mJ m�2. A stable A-
rGONRs suspension was achieved in xylene even after 24 h. Through a wet process, A-rGONRs were
homogeneously dispersed in an isotactic polypropylene (iPP) host. iPP/A-rGONRs nanocomposites
showed significant enhancements in thermal and mechanical properties when compared to pure iPP.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Nanostructured carbon materials (NCMs) such as carbon nano-
tubes (CNTs) and graphene have attracted great attention for use as
polymer composite reinforcements due to their unique character-
istics [1e6], including high mechanical strength (>1060 GPa for
graphene; > 63 GPa for CNTs) [2,3], high thermal conductivity
(~3000 W mK�1 for graphene; ~6000 W mK�1 for CNTs) [4,5], and
high specific surface area (~2600 m2 g�1 for graphene; ~216 m2 g�1

for CNTs) [4,6]. Several reports show enhancements in the me-
chanical and thermal properties of host polymers through the
addition of small amounts of NCMs [7e14]. In addition, NCMs have
high surface energy and a tendency to aggregate [15,16]. NCMs
aggregated in a polymer matrix significantly decrease the proper-
ties of the nanocomposites [17]; therefore, strong interfacial
adhesion and homogeneous dispersion of NCMs in a polymer host
are some of the key factors to consider when maximizing their
, hjjin@inha.ac.kr (H.-J. Jin).
reinforcing effects. The physical attachment of aromatic-containing
molecules via pep stacking on the surface of NCMs can be an
effective and simple method for their dispersion in organic solvents
and/or a polymer matrix; however, the physical bonding is too
weak to efficiently transfer load from the polymer to the NCMs
[18e20]. In contrast, attaching polymer/oligomer molecules or
alkyl chains onto the plane of NCMs by direct grafting or alkylation,
respectively creates strong chemical bonding [21e23], leading to
the homogeneous dispersion of NCMs and efficient load transfer. In
general, chemical modifications have been achieved using oxygen
functionalized NCMs prepared via a chemical route [24e26].

Graphene nanoribbons (GNRs) are one-dimensional carbon
strips composed of an sp2 hexagonal carbon structure with larger
interfacial areas and more numerous edge sites compared to CNTs
[27,28]. Stronger interfacial adhesion to a polymer matrix can
therefore be achieved in GNR-reinforced nanocomposites. In
addition, the aspect ratio of GNRs is high enough (>100, length:-
width) that a percolation threshold can be induced by a small
number of GNRs, which is lower than that for graphene [29].

Oxygen functionalized GNRs (GONRs) can be prepared by
unzipping CNTs [28]. GONRs have good dispersibility and strong
interfacial adhesion in a hydrophilic polymermatrix, which leads to
a significant enhancement in the physical properties of the epoxy
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[30]. In addition, through surface modification of GONRs using alkyl
chains, alkylated GONRs (A-GONRs) can be effective as a rein-
forcement in hydrophobic polymer hosts [31]; however, the
defective carbon structure of GONRs or A-GONRs results in decay of
their reinforcing effects in glassy polymers [32,33]. Therefore, both
the restoration of the defective carbon structure and the intro-
duction of alkyl chains are required to create an efficient reinforcing
effect in GONR-based nanocomposites. Tour et al. reported
hexadecyl-functionalized low-defect GNRs (HD-GNRs) produced
from in situ intercalation of Na/K alloy into CNTs, followed by
quenching with 1-iodohexadecane [34,35]. The incorporation of
HD-GNRs in a thermoplastic polyurethane matrix led to dramatic
enhancement of its mechanical properties [35]. In addition, Regev
et al. reported that edge functionalized low-defect GNRs treated
with polyvinylamine chains showed effective reinforcing behaviors
including fracture toughness, flexural strength, and shear strength
in an epoxy polymer matrix [36]. These reports are good examples
of the reinforcing potential of GNRs-based polymer nano-
composites. There is, however, no information about the reinforc-
ing effects of A-GNRs/A-GONRs on a polyolefinmatrix, which is one
of the most widely used polymers in industry.

In this study, alkylated and reduced GONRs (A-rGONRs) were
fabricated via a one-step reduction and alkylation process and their
reinforcing effects in an isotactic polypropylene (iPP) matrix were
investigated by adding 0, 0.05, 0.1, and 0.3 wt% A-rGONRs. To pro-
duce an iPP nanocomposite via a wet process using high temper-
ature xylene, a newmethod using a Dean-Stark trapwas developed,
which combined the alkylation, reduction, and dispersion of
GONRs in xylene and the homogeneous mixing of iPP and A-
rGONRs into one step. For polyolefin-based nanocomposites in
particular, the reported alkylation and reduction methods require
several steps. The new method facilitates homogeneous dispersion
of A-rGONRs in the iPP matrix as well as in situ alkylation and
reduction of GONRs. The iPP/A-rGONRs nanocomposites showed
improvements of ~98.0%, 14.6%, 31.4%, and 43.5% in the Young’s
modulus, tensile strength, elongation, and toughness, respectively.
In addition, the thermal degradation temperature (Td) and crys-
tallization temperature (Tc) of the iPP/A-rGONRs nanocomposites
increased by ~31 �C and 2.9 �C, respectively. This study provides
information about a simple alkylation/reduction method for A-
rGONRs and their effects on the reinforcement of an iPP matrix.
Fig. 1. FE-SEM images of (a) GONRs and (e) A-rGONRs. FE-TEM images of (b
2. Experimental

2.1. Preparation of GONRs

GONRs were prepared according to a previously reported
method [28]. Briefly, 150 mg of multi-walled CNTs (MWCNTs, 95%,
Hanwha Nanotech Inc., Korea) were treated in concentrated sul-
furic acid for 12 h, and 750 mg of KMnO4 was added into the so-
lution. The reaction mixture was stirred at room temperature for
1 h, and then heated to 55e70 �C for an additional 1 h. The reaction
mixture was poured into 400 mL of ice containing 50 mL of 30%
H2O2. The solution was filtered using a polytetrafluoroethylene
membrane, and washed with distilled water. The synthesized
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 stored in a vacuum oven at 30 �C.
2.2. Preparation of A-rGONRs

For the iPP/A-rGONRs nanocomposites, 7.5, 15, and 45 mg of
GONR powders were dispersed in 40 mL of distilled water via ultra-
sound treatment (power and frequency of 200 W and 20 kHz,
respectively) in a round-bottom flask. Then, 0.1 g of octylamine
(99%, Sigma-Aldrich) and 40 mL of xylene (98.5%, Duksan) were
added to the round-bottom flask. A Dean-Stark trap was used for
the preparation of A-rGONRs, as shown in Fig. S1. The solution
mixture was stirred in a 130 �C silicon oil bath for 12 h. A homo-
geneous A-rGONRs dispersion in xylene was obtained. For com-
parison, rGONRs were prepared by hydrazine treatment according
to a reported method [37].
2.3. Preparation of iPP/A-rGONRs nanocomposites

First, 15 g of iPP (Mw ~250,000, Mn ~67,000, Sigma-Aldrich) was
dissolved in xylene at 130 �C in a three-necked round-bottom flask.
The homogeneous A-rGONRs dispersion was then poured into the
iPP solution and stirred for 30 min. Subsequently, the nano-
composite solution was poured into a methanol bath to precipitate
the iPP/A-rGONRs nanocomposites. The precipitate was vacuum-
filtered and washed with methanol several times. The resultant
iPP/A-rGONRs nanocomposites were dried at 70 �C for 48 h and
), (c), (d) GONRs and (f), (g), (h) A-rGONRs with various magnifications.



Fig. 2. (a) Raman spectra and (b) XRD patterns of GONRs and A-rGONRs.
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stored in a convection oven at 30 �C. The nanocomposite samples
were named NC-0.05, -0.1, and -0.3, referring to the A-rGONRs
content.

2.4. Characterization

The morphology of the samples was examined using field-
emission scanning electron microscopy (FE-SEM, S-4300, Hitachi,
Tokyo, Japan) and field-emission transmission electron microscopy
Fig. 3. XPS C 1s spectra of (a) GONRs and (b) A-rGONRs; O 1s spectra of (c) GONRs and (d
viewed online.)
(FE-TEM, JEM2100F, JEOL, Tokyo, Japan). The Raman spectra were
recorded using a continuous-wave linearly polarized laser (wave-
length: 514.5 nm; 2.41 eV; power: 16 mW). X-ray diffraction (XRD,
Rigaku DMAX 2500) was performed using Cu-Ka radiation (wave-
length l ¼ 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 mm. The acquisition
time was 10 s and three cycles were required to collect each
spectrum. The chemical composition of the samples was examined
) A-rGONRs; and N 1s spectra of (e) A-rGONRs. (A colour version of this figure can be



Fig. 4. FT-IR spectra of (a) GONRs and (b) A-rGONRs.
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using X-ray photoelectron spectroscopy (XPS, PHI 5700 ESCA,
Chanhassen, MN, USA) with monochromatic Al-Ka radiation
(hn ¼ 1486.6 eV). The bonding chemistry of GONRs and A-rGONRs
was examined via Fourier transform infrared spectroscopy (FT-IR,
VERTEX 80v, Bruker Optics, Germany). The thermal degradation
behaviors of the nanocomposites were calculated via thermogra-
vimetric analysis (TGA, Q50, TA instruments, UK) at temperatures
ranging from 20 to 800 �C at a heating rate of 10 �C min�1 under a
nitrogen atmosphere. The contact angle data of GONR and A-
rGONR films were obtained using automatic contact angle equip-
ment (Phoenix 300, Korea). Differential scanning calorimetry (DSC,
Perkin-Elmer 7) was carried out in dry nitrogen gas at a flow rate of
10 mL min�1. The DSC was calibrated using indium as the standard,
and the sample weight was 5.0 ± 0.1 mg. The thermal history of the
products was removed by scanning them from 30 to 220 �C at a
heating rate of 10 �C min�1 followed by cooling to 25 �C at a scan
rate of 10 �C min�1. The tensile properties were tested using an
Instron 4665 ultimate tensile testing machine (UTM) at 20 �C and
30% humidity. The dumb-bell specimens were made in accordance
with the ASTM D 638 standard for tensile testing. The cross-head
speed was set to 50 mm min�1 for both the dumb-bell samples.
The mean value of each product was determined as the average
value of the five test specimens. The specific dispersion behaviors of
A-rGONRs in xylene were characterized via Turbiscan (For-
mulaction, France) with a wavelength of 880 nm. The electrical
conductivity of the samples was tested using an electrical con-
ductivity meter (Loresta GP, Mitsubishi Chemical, Japan).
Fig. 5. TGA curves of (a) GONRs and (b) A-rGONRs.
3. Results and discussion

MWCNTs with high aspect ratios (>100) and high persistence
length (lsp, ~520 nm) were used to prepare GONRs via an unzipping
process, as shown in Fig. S2 [6,38]. The morphologies of the pre-
pared GONRs are shown in Fig. 1(aec). The GONRs have a width of
approximately 30e50 nm and high aspect ratios (>100). The high-
resolution FE-TEM image in Fig. 1(d) shows that the GONRs have an
amorphous carbon structure. GONRs were reacted with octylamine
in distilled water and a xylene mixture solution at 130 �C using a
Dean-Stark trap [See Fig. S1]. In this process, distilled water and
xylene were evaporated through a fractionating column and
condensed in a reflux condenser. The condensed droplets then
passed through a burette filled with xylene, as shown in Fig. S1. The
water droplets sank to the bottom of the burette, because of their
relatively high density compared to xylene. After several hours,
water was fully removed in the round-bottom flask. The reaction
progressed via a simple route between octylamine dissolved in
xylene and GONRs dispersed in water. The reaction occurred at the
interface of the solvents. The epoxide and carboxylic acid groups of
GONRs underwent nucleophilic attack by octylamine molecules. As
a result, a homogeneous A-rGONR dispersion in xylene was ob-
tained. In addition, the defective carbon structure of GONRs could
be restored by the reaction process, because the reaction temper-
ature was high enough to thermally reduce the GONRs. FE-SEM and
FE-TEM images of the A-rGONRs show morphologies similar to
those of GONRs [Fig. 1(eeg)], indicating that the one-step alkyl-
ation/reduction step does not affect their morphologies. The high-
resolution FE-TEM image in Fig. 1(h) indicates that A-rGONRs have
amorphous carbon structures. However, A-rGONRs have a more
ordered hexagonal carbon structure than GONRs, which is
confirmed from the higher magnification images in Figs. S3eS6 and
the selected area diffraction patterns in Fig. S7. Further, the specific
carbon structure of the samples was determined from Raman
spectra and XRD patterns. The Raman spectra of the GONRs and A-
rGONRs clearly show the main D and G bands. The D band repre-
sents the intrinsic phonon mode with A1g symmetry of the infinite
aromatic ring that is activated by the structural disorder, and the G
band reflects the hexagonal structure related to the E2g vibration
mode of the sp2-hybridized C atoms. The IG/ID intensity ratios of
GONRs and A-rGONRs are 0.82 and 1.10, respectively [Fig. 2(a)],
indicating that A-rGONRs have an ordered hexagonal carbon
structure.

The XRD pattern of the GONRs shows no distinct peak, indi-
cating poor development of the graphitic structure [Fig. 2(b)]. In
contrast, the XRD pattern of A-rGONRs exhibits a broad graphite
(002) peak at 22.3�, indicating that the A-rGONRs have nanometer-
scale graphitic layers [Fig. 2(b)]. The restoration of the aromatic
hexagonal carbon structure is further investigated by obtaining the
electrical conductivities of the A-rGONR and GONR films. The A-
rGONR films showed an electrical conductivity of 2.4� 10�1 S cm�1,
which is four orders of magnitude higher than that of GONR-based
films (5.5 � 10�5 S cm�1), supporting the results obtained from the
Raman spectra and XRD patterns.

Changes in the chemical structure following the chemical re-
action were investigated using XPS and IR spectroscopy, as shown



Fig. 6. Contact angle data of water on (a) GONRs and (b) A-rGONR film. (c) Photographs of dispersion behaviors of GONRs and A-rGONRs in a xylene and water mixture solution. (d)
Time vs. transmittance variation plot of GONRs and A-rGONRs dispersions in xylene obtained from Turbiscan®. (A colour version of this figure can be viewed online.)
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in Figs. 3 and 4, respectively. Several distinct peaks were observed
in the XPS C 1s spectrum of GONRs, such as the main CeC bonding
centered at 284.4, CeO bonding centered at 286.6 eV, and C]O
bonding centered at 288.5, as shown in Fig. 3(a). Although these
three peaks were also found in the XPS C 1s spectrum of A-rGONRs,
the intensities of the CeO bonding and C]O bonding were
considerably decreased, as shown in Fig. 3(b). This tendency was
also observed in the XPS O 1s spectra of GONRs and A-rGONRs. Two
peaks, the C]O bonding and CeO bonding centered at 530.9 eV
and 532.0 eV, were confirmed in the XPS O 1s spectrum of the
GONRs shown in Fig. 3(c). Two similar peaks were observed in the
XPS O 1s spectrum of A-rGONRs shown in Fig. 3(d); however, the
relative intensity ratio of the CeO to C]O bonding was dramati-
cally decreased in the XPS O 1s spectrum of the A-rGONRs. This data
confirms the reduction of GONRs during the chemical reaction
process. CeO bonding in particular was dramatically reduced in the
reaction process. As mentioned above, octylamine reacted with
epoxide groups on GONRs via nucleophilic attack on the amine.
This reaction induced a nucleophilic addition of alkyl groups to the
surface of the GONRs and simultaneously removed oxygen groups
there. Also, the high reaction temperature (130 �C) induced the
reduction of GONRs. The oxygen content, calculated from the XPS
results, decreased significantly from 29.1 at.% (GONRs) to 9.6 at.%
(A-rGONRs) [Fig. 3]. Nitrogen atoms of ~5.0 at.% were introduced on
the A-rGONRs. These have two different chemical bonding struc-
tures, CeN bonding centered at 399.6 eV and NeC]O bonding
centered at 400.1 eV [Fig. 3(e)]. The increased number of nitrogen
atoms introduced on the surface of the GONRs can be considered as
direct evidence for the alkylation of octylamine on the GONRs.

The IR spectra of the GONRs and A-rGONRs support the XPS
results [Fig. 4]. The presence of hydroxyl, carboxyl, epoxide, and
ether groups was observed at 3433, 1724, 1227, and 1163 cm�1

respectively, in the IR spectrum of GONRs. In contrast, the intensity
of the hydroxyl groups decreased and carboxyl groups were not
found in the IR spectrum of the A-rGONRs. Peak intensities relating
to CeH bonding such as 2964, 2921, 2850, and 1384 cm�1

increased. The specific peak assignments are shown in Table S1.
The composition of the alkyl chains introduced onto the A-

rGONRs was estimated using the TGA curve shown in Fig. 5. For
GONRs, the first prominent weight loss of ~28% occurred between
100 and 170 �C, which was due to the decomposition of oxygen-
containing functional groups. The second significant weight loss
of ~18% in the temperature range 170e270 �C is believed to be
caused by pyrolysis of defective carbon structures. In contrast, the



Table 1
Thermal properties of neat iPP, NC-0.05, -0.1, and -0.3 characterized via DSC and
TGA.

Sample Tc (�C) Tm (�C) Td (�C)

Neat iPP 117.2 163.1 401.4
NC-0.05 117.6 162.7 411.9
NC-0.1 119.4 163.6 424.0
NC-0.3 120.1 162.9 432.4

Fig. 7. DSC data of neat iPP, NC-0.05, -0.1, and -0.3 for (a) Tc and (b) Tm. (c) TGA curves of neat iPP, NC-0.05, -0.1, and -0.3. (A colour version of this figure can be viewed online.)
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curve of the A-rGONRs show a prominent weight loss of ~25% in the
temperature range of 210e290 �C, which could be caused by
thermal degradation of the alkyl groups introduced during the re-
action. Subsequent weight loss arising from the pyrolysis of carbon
structures progressed in the broad temperature range of
290e600 �C. These results show that oxygen-containing functional
groups on A-rGONRs are already removed during the reaction
process, and A-rGONRs are more thermally stable than GONRs.

The hydrophobicity of GONRs and A-rGONRs was confirmed by
examining the contact angle of a water droplet on A-rGONR-based
films [Fig. 6(a) and (b)]. The contact angle between the A-rGONR-
based film and the water droplet was 88.4�, which is larger than
that between the GONRs and the water droplet (58.2�). The surface
energy was calculated from the contact angle values of GONRs
(52.4 mJ m�2) and A-rGONRs (23.8 mJ m�2). The surface energy of
the A-rGONRs is close to that of xylene (28.90 mJ m�2 at 20 �C),
which means that A-rGONRs can be readily dispersed in xylene. A
dispersion stability test between A-rGONRs and GONRs [Fig. 6(c)]
Fig. 8. Mechanical properties including (a) Young’s modulus, (b) tensile stren
was carried out, and a stable colloidal suspension of A-rGONRs was
achieved in xylene even after 24 h [Fig. 6(d)]. These results indicate
that the octylamine alkyl groups effectively improve the miscibility
between A-rGONRs and xylene, which is a good solvent for iPP. It is
therefore expected that A-rGONRs will be compatible with the iPP
matrix.

The thermal properties of neat iPP, NC-0.05, -0.1, and -0.3 were
investigated using DSC tests (Fig. 7 and Table 1). Fig. 7(a) shows the
DSC cooling curves, which provided the crystallization temperature
(Tc) relative to the content of A-rGONRs in the iPP matrix. The
crystallization onset temperature gradually increased with the
loading content of A-rGONRs. Alkyl groups on the A-rGONRs can
improve the interaction with iPP chains, hence the function of A-
rGONRs as nucleating agents can be demonstrated. The Tc of the
nanocomposites increased to ~2.9 �C in NC-0.3. In contrast, the
melting temperature of the nanocomposites was similar [Fig. 7(b)],
indicating that the A-rGONRs do not affect the thermal transition of
the crystal structure of iPP. The Td of the nanocomposites gradually
increased with the A-rGONRs content. The addition of just 0.3 wt%
of A-rGONRs, increased the Td by ~31 �C from 401 to 432 �C,
compared to the Td of neat iPP. These results are superior to those of
iPP nanocomposites based on alkylated graphene oxide, which
showed an increase of ~16 �C at the same loading content (0.3 wt%)
[31]. Also, compared with the Td (~424 �C) of rGONR-based iPP
nanocomposites, A-rGONRs showed improved reinforcing effects
[Fig. S8 and Table S2]. The significant enhancement in thermal
properties could be a result of the efficient thermal dissipation and
free-radical scavenging effects of A-rGONRs in the nanocomposites.
gth, and (c) elongation at the break of neat iPP, NC-0.05, -0.1, and -0.3.



Table 2
Mechanical properties of neat iPP, NC-0.05, -0.1, and -0.3 characterized via UTM.

Sample Young’s modulus (MPa) Tensile strength (MPa) Elongation at break (%)

Neat iPP 287.4 ± 36.9 26.6 ± 1.8 17.2 ± 1.3
NC-0.05 363.2 ± 25.0 27.1 ± 1.6 17.6 ± 1.2
NC-0.1 497.0 ± 14.2 29.0 ± 1.1 21.9 ± 1.5
NC-0.3 569.0 ± 13.1 30.5 ± 0.8 22.6 ± 1.4
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Also, the high aspect ratio and one-dimensional morphologies of A-
rGONRs could lead to a percolation threshold with low loading
content, indicating that the reinforcing effects were achieved effi-
ciently via the use of A-rGONRs.

The mechanical properties of the nanocomposites were inves-
tigated via UTM tests [Fig. 8]. The Young’s modulus of the nano-
composites (287.4 ± 36.9 MPa) increased significantly with the
addition of A-rGONRs over that of neat iPP. NC-0.05, NC-0.1 and NC-
0.3 showed Young’s modulus values of 363.2 ± 25.0, 497.0 ± 14.2,
and 569.0 ± 13.1 MPa, respectively. The increasing ratios corre-
spond to 26.4, 72.9, and 98.0% for NC-0.05, NC-0.1, and NC-0.3,
respectively. The tensile strength of the nanocomposites
increased from 26.6 ± 1.8 MPa of neat iPP to 30.5 ± 0.8 MPa of NC-
0.3, which corresponds to an increase of ~15%. One interesting
observation, when the A-rGONRs were introduced to the nano-
composites, was the increased elongation at the break. With the
Fig. 9. FE-SEM images for a fractured cross-section of (a), (b) neat iPP and (c), (d) NC-0.1.
addition of A-rGONRs, elongation values increased by ~22.6%. The
increases in both strength and elongation indicate enhanced
toughness, of which the neat iPP, NC-0.05, NC-0.1 and NC-0.3 are
calculated as 296, 336, 448 and 508MPa, respectively. More specific
information about the mechanical properties of the nano-
composites is given in Table 2. The reinforcing effects of A-rGONRs
on mechanical properties are superior to those of rGONRs at the
same loading content [Fig. S9 and Table S2]. These improved me-
chanical properties are attributed to good interfacial adhesion be-
tween the neat iPP matrix and the A-rGONRs, which have a higher
modulus and strength than that of the iPP matrix. The A-rGONRs
have large interfacial areas, high aspect ratios, and numerous alkyl
groups, which allows them to strongly interlock with the iPP ma-
trix. The reinforcing effects can bemaximized via the homogeneous
dispersion of A-rGONRs into the iPP matrix. With the application of
a tensile load to the nanocomposites, crack initiation can occur at
(e), (f) FE-TEM images with various magnifications prepared by microtoming NC-0.1.
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low A-rGONRs density areas; therefore, provided that the A-
rGONRs are homogeneously and randomly distributed in the ma-
trix, the load transfer from the matrix to the A-rGONRs is probably
more effective. This will result in increased tensile strength and
elongation at the break. The dispersibility of A-rGONRs in the iPP
matrix was confirmed using FE-SEM, as shown in Fig. 9(aed).While
the fracture surface of the iPP matrix is smooth [Fig. 9(a) and (b)],
NC-0.1 has a rough fracture surface [Fig. 9(c) and (d)]. Also, ho-
mogeneously dispersed A-rGONRs in the iPPmatrix were observed,
as shown in Fig. 9(c) and (d). FE-TEM images support homogeneous
dispersion in the iPP matrix, in which the presence of individual A-
rGONRs is confirmed [Fig. 9(e) and (f)].

4. Conclusion

A-rGONRs were prepared by unzipping MWCNTs with high
aspect ratios (>100) and high persistence lengths (lsp, ~520 nm),
followed by alkylation and reduction via a simple method using a
Dean-Stark trap. A-rGONRs have a width of approximately
30e50 nm, high aspect ratios (>100), and microstructures
composed of nanometer-scale graphitic layers. Approximately 25%
of alkyl groups were introduced onto the surface of A-rGONRs,
leading to hydrophobic properties with a surface energy of
23.8 mJ m�2. A stable colloidal suspension of A-rGONRs was ach-
ieved in xylene even after 24 h, because the surface energy is
similar to that (28.90 mJ m�2 at 20 �C) of xylene, which is a good
solvent for iPP. For NC-0.05, -0.1, and -0.3, A-rGONRs were homo-
geneously dispersed into the iPP matrix and showed significant
reinforcing effects on the thermal and mechanical properties of the
iPP matrix. When the ~0.3 wt% A-rGONRs were introduced in the
iPP host, the Tc and Td of iPP increased by ~2.9 �C and ~31 �C,
respectively. Also, the Young’s modulus, tensile strength, elonga-
tion, and toughness of the iPP matrix increased by approximately
98.0, 15, 22.6, and 43.5%, respectively, by adding ~0.3 wt% A-
rGONRs.
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