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ABSTRACT: The graphene nanoribbon (GNR)/carbon
composite nanofiber yarns were prepared by electrospinning
from poly(acrylonitrile) (PAN) containing graphene oxide
nanoribbons (GONRs), and successive twisting and carbon-
ization. The electrospinning process can exert directional shear
force coupling with the external electric field to the flow of the
spinning solution. During electrospinning, the well-dispersed
GONRs were highly oriented along the fiber axis in an
electrified thin liquid jet. The addition of GONRs at a low
weight fraction significantly improved the mechanical proper-
ties of the composite nanofiber yarns. In addition, the
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carbonization of the matrix polymer enhanced not only the mechanical but also the electrical properties of the composites.
The electrical conductivity of the carbonized composite yarns containing 0.5 wt % GONR showed the maximum value of 165 S
cm ™. It is larger than the maximum value of the reported electrospun carbon composite yarns. Interestingly, it is higher than the
conductivities of both the PAN-based pristine CNF yarns (77 S cm™") and the monolayer GNRs (54 S cm™"). These results and
Raman spectroscopy supported the hypothesis that the oriented GONRs contained in the PAN nanofibers effectively functioned
as not only the 1-D nanofiller but also the nanoplatelet promoter of stabilization and template agent for the carbonization.
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B INTRODUCTION

Graphene, a single-atom-thick sheet of sp>-bonded carbon
atoms, has recently received considerable interest due to its
unique features, such as extraordinary electronic properties,’
mechanical strength,” and ultrahigh thermal conductivity.’
Graphene nanoribbons (GNRs), thin elongated strips of
graphene with a high length-to-width ratio and straight edges,
are a new class of pseudo-one-dimensional (1-D) nanocarbons.
They have also attracted attention because of their novel
electronic and spin transport properties.*”” GNRs have been
produced by a variety of methods from chemical vapor
deposition (CVD), through chemical treatments of graphite
to the unzipping of CNTs.® Tour et al. reported a high-yielding
procedure for the production of large amounts of graphene
oxide nanoribbons (GONRs) through the oxidative longitudi-
nal unzipping of multiwalled carbon nanotubes (MWNTs) in a
sulfuric acid (H,SO,) solution of potassium permanganate
(KMnO,).* The GONRs can be used in this oxidized and
exfoliated form and then reduced to the more conductive
GNRs using chemical or thermal methods. The large quantities
that can be made using this technique could provide enough
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material for composites, fibers, large-scale electronics, and other
applications.

Recently, some researchers have reported that the addition of
a low fraction of GNRs (less than 0.5 wt %) resulted in a
significant improvement in the mechanical strength and
electrical properties of the composites.”'® GNRs should
provide good integration with a polymer matrix due to its
highly crystalline planar structure, which provides a large
interfacial area for 7—7 stacking with the polymer matrix.® In
addition, the carboxylic and hydroxyl functional groups on the
basal planes and edges of the starting GONR can act as linkers
between the GONR and polymer and provide mechanical
strength.'" This paper focuses on the preparation of GONR/
polymer and GNR/carbon composite nanofiber yarns, prepared
by electrospinning. Electrospinning is a simple and versatile
method for the formation of continuous thin fibers ranging
from several nanometers to tens of micrometers,'>"*
based on an electrohydrodynamic phenomenon.14 Therefore,
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the electrospinning process can exert directional shear force
coupling with the external electric field to the flow of the
spinning solution."® Our previous study showed that the 1-D
nanomaterial, MWNTs, were highly oriented along the fiber
axis during electrospinning and the filling of the oriented 1-D
nanofillers in the composites significantly improved their
mechanical and electrical properties.'® We now expect that a
pseudo-1-D nanomaterial, GONRs, can be also highly oriented
in the electrospun thin fibers and the filling of the oriented
GONRs in the composites improves their properties.

In this study, we synthesized GONRs with high length-to-
width ratios (average length: 3 pm; average width: 140 nm)
through the nanotube unzipping process by chemical oxidation.
We used the obtained GONRs and poly(acrylonitrile) as the 1-
D nanomaterial filler and polymer matrix, respectively. We first
produced GONR/poly(acrylonitrile) (PAN) composite nano-
fiber yarns containing oriented GONRs by electrospinning and
twisting. In addition, we stabilized and carbonized composites
to provide GNR/carbon nanofiber yarns. The aims of this study
are (i) to prepare novel nanocarbon composite nanofibers,
GONR/polymer and GNR/carbon composite nanofiber yarns,
and (ii) to investigate the additive effects of GONRs on the
mechanical and electrical properties of the prepared composite
nanofiber yarns.

B EXPRIMENTAL SECTION

Materials. As precursors of the GONRs, multiwalled carbon
nanotubes (MWNT-7, average diameter = S0 nm, aspect ratio > 100,
lot number: 071223) were obtained from Hodogaya Chemical, Japan.
Sulfuric acid (H,SO,), phosphoric acid (H;PO,), and potassium
permanganate (KMnO,) of extra-pure grade were purchased from
Wako, Japan. Poly(acrylonitrile) (PAN) with a molecular weight of
150 000 was purchased from Sigma-Aldrich, USA. N,N-dimethylfor-
mamide (DMF) of extra-pure grade was obtained from Wako, Japan.
These reagents were used without further purification.

Preparation of Graphene Oxide Nanoribbons. The GONRs
were prepared by the oxidation and longitudinal unzipping of the
MWNTSs, as previously described.'” MWNTs (1.00 g) were dispersed
in 180 mL of H,SO, with stirring for 1 h. H;PO, (85%, 20 mL) was
then added to the dispersion, and the mixture was stirred for another
15 min before the addition of KMnO,, (6 g, 1 g/portion, finished in 30
min). The reaction mixture was heated at 5SS °C for 1 h, and then
cooled to room temperature. Thereafter, the reaction mixture was
poured into 500 mL of ice containing H,0, (30 wt %, 10 mL). The
product was filtered over a poly(tetrafluoroethylene) (PTFE)
membrane (450 nm pore size). The brown filter cake was washed
two times with 10 wt % HCI (2 X 200 mL), acetone (2 X 100 mL),
and ether (2 X 100 mL). The removal of the solvent under vacuum
condition (at 60 °C, 24 h) gave a product (1.85 g).

Electrospinning. For preparation of the spinning solution, DMF
was used as the solvent of PAN and GONR. GONR was added to the
8 wt % PAN/DMEF solution with 0—10 wt % GONR fractions and
then stirred at the speed of 1000 rpm for 1 day. The solute
compositions in the spinning solutions are as follows: GONR/PAN =
0/100, 0.1/99.9, 0.3/99.7, 0.5/99.5, 0.7/99.3, 1/99, 2/98, 3/97, 5/95,
and 10/90 in wt/wt. The electrospinninfg device was the same as that
used in our previous study (Figure 1). S The polymer solution was
contained in a syringe with a stainless steel nozzle (0.2 mm internal
diameter). The nozzle was connected to a high-voltage regulated DC
power supply (HAR-100P0.3, Matsusada Precision, Japan). A constant
volume flow rate was maintained via a syringe-type infusion pump
(MCIP-1II, Minato Concept, Japan). A rotating disk (disk diameter:
250 mm; width: 10 mm) was used as a collector to align the
electrospun fibers. The distance between the nozzle tip and the
collector was 100 mm, the applied voltage was 30 kV, the flow rate was
5 uL/min, and the rotating speed of the collector was 1000 rpm. The
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Figure 1. Schematic diagram of the apparatus used for electrospinning.

duration of the spinning was 20 min. All spinnings were carried out at
25 + 1 °C and at less than 35% relative humidity.

Preparation of Yarns. Yarns were fabricated by twisting of the
electrospun aligned fibers. Thereafter, heat treatments were carried out
with the yarns in tension at 120 °C for 2 h under a high vacuum
condition in order to decrease the voids in the yarns. The diameter of
the prepared twisted yarns was around S0 ym.

Characterization and Instruments. The morphologies of the
prepared GONRs and composite nanofiber yarns were characterized
using a field-emission scanning electron microscope (FE-SEM, SUPRA
40, Zeiss, Germany) and a scanning electron microscope (SEM, JCM-
5700, JEOL, Japan) operated at 10 kV. The morphology and thickness
of the GONRs were observed using an atomic force microscope
(AFM, SPA400, SII Nanotechnology, Japan). The inner structure of
the prepared composite nanofiber was observed using a transmission
electron microscope (TEM, H-7650, Hitachi, Japan) operated at 100
kV. The Raman spectra were measured using a Raman microscopy
system (NRS-2100, JASCO, Japan). As a light source, S14.5 nm
radiation from an Ar-ion laser was used. The irradiated power of the
excitation beam was about 10 mW at the sample surface. The spectra
were obtained with a 100 s integration time. The X-ray photoelectron
spectra (XPS) were measured by a scanning ESCA microprobe
(Quantum-2000, ULVAC-PHI, Japan). The pyrolytic behaviors of the
stabilized PAN and GONR/PAN composite nanofiber yarns in N, was
characterized by a thermogravimetric-differential thermal analysis
(TG-DTA, TG8120, Rigaku, Japan). The electrical conductivity of
the prepared yarn was evaluated using the DC four-probe method by
an impedance analyzer (model 1225B frequency response analyzer and
model SI 1287 electrochemical interface, Solartron, U.K.). Five
samples were measured for each yarn. The mechanical properties of
the prepared yarns were tested by a universal testing machine (STA-
1150, Orientec, Japan). The initial gauge length of the sample was 20
mm, and the strain rates were 1 and 0.05 mm min~" for the as-spun
yarns and carbonized yarns, respectively. Ten samples were measured
for each yarn.

B RESULTS AND DISCUSSION

Fabrication of GONR/PAN Composite Nanofibers. The
GONRs used in this study were prepared by the unzipping of
MWNTs in the presence of a second acid (H;PO,) besides the
H,S0,/KMnO, mixture.'” The typical field-emission scanning
electron microscopy (FE-SEM) images show that the starting
MWNT with a diameter of 55 nm and a length of 7 um (Figure
2a) resulted in a nanoribbon with a width of 140 nm and a
length of 2.8 um (Figure 2b). The resulting GONRs have a
shorter length, but still maintain a high aspect ratio with straight
edges. The atomic force microscopy (AFM) image shows a
single-layer GONR with the average thickness of 0.85 nm
(Figure 2c), which is comparable to the d value of 0.82 nm
observed by an X-ray diffraction (XRD) analysis (Figure Sla,
Supporting Information) and agrees well with the theoretically
calculated height for a single layer of GO bearing oxygen-
containing functionalities on each side (0.75 nm).'® The X-ray
photoelectron spectroscopy (XPS) spectra (Figure Slb,
Supporting Information) exhibited a clear oxidized carbon
peak at 286.1 eV in the GONR. The Raman spectra and the
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Figure 2. Typical surface SEM images of (a) the starting MWNT and (b) the prepared GONR. (c) AFM image of the GONR. All samples were

deposited on a SiO, substrate.

mapping images are shown in Figure S2 (Supporting
Information). These results clearly show that the MWNTs
were successfully unzipped and then exfoliated to form the
GONRs through chemical oxidation. The prepared GONRs
were dispersed in PAN/DMF solutions of different concen-
trations and then used for electrospinning.

We succeeded in preparing aligned GONR/PAN composite
nanofibers from the spinning solutions (GONR/PAN = 0/100,
0.1/99.9, 0.3/99.7, 0.5/99.5, 0.7/99.3, 1/99, 2/98, 3/97, 5/95,
10/90 in wt/wt) with a good spinnability. Figure 3 shows the
aligned GONR/PAN composite nanofibers. For the fibers
containing 0—2 wt % GONR, their diameters are around 200
nm and their morphologies were bead-free and smooth (Figure
3a—f). For the fibers containing 5 wt % GONR, on the other
hand, we found some rough surface regions on the fiber (Figure
3g) due to the large agglomeration of the GONRs in the
polymer matrix, as supported by the TEM observations (Figure
4). The yarns were prepared by twisting of the aligned
nanofibers, and the diameter of the yarns was approximately 50
um (Figure 3h).

To characterize the orientation of the GONRs in the
composite fibers, a TEM analysis was performed. The TEM
images of the composite fibers below 0.5 wt % GONR showed
that the GONRs were highly oriented along the fiber axis of the
fibers as expected (some parts formed a wavy structure).
Typical TEM images of oriented ribbons in the composite
fibers with 0.5 wt % GONR are shown in Figure 4ab. The
GONRs were oriented to the fiber axis by the electrified thin
liquid jet during electrospinning. The electrospinning process
can exert directional shear force coupling with the external
electric field to the flow of the spinning solution. Our previous
studies showed that 1-D nanomaterials (e.g,, CNTs)'® and rigid
molecules (e.g, liquid crystalline polymers)'**® were highly
oriented along the fiber axis of the electrospun nanofibers by
the synergistic effect of the external electric field and shear
force. At a greater than 0.7 wt % GONR fraction, on the other
hand, the agglomerates of GONRs were formed (i.e, GONRs
were not well-dispersed and not oriented) in the fibers. The
number and size of the agglomerates increased with an increase
in the weight fraction of GONR in the composite nanofibers.
Typical agglomerates in the composite fibers with 5 wt %
GONR are shown in Figure 4¢,d.

The additive effects of the GONRs on the mechanical
properties (i.e., elongation, strength, and Young’s modulus) of
the as-spun GONR/PAN composite nanofiber yarns were
obtained from the stress—strain (S—S) curves (Figure S3,
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Figure 3. Surface SEM images of the GONR/PAN composite
nanofibers. (a) Pristine PAN nanofibers. The composite nanofibers
contain (b) 0.1, (c) 0.3, (d) 0.5, () 1, (f) 2, and (g) S wt % GONR,
and (h) nanofiber yarn of (d).

Supporting Information). These results are shown in Figure S.
The yarn’s elongation decreased from 12% to 3% with an
increase in the GONR content in the fiber. This indicated that
the GONRs in the nanofiber hinder the movement of the
polymer chains. The tensile strength and Young’s modulus
showed a peak for the 0.5 and 0.5—1 wt % GONR fractions,
respectively. The maximum tensile strength of 179 MPa and
the maximum Young’s modulus of 5.5 GPa were 260% and
170% higher than the strength (69.7 MPa) and the modulus
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Figure 4. Typical TEM images of the as-spun GONR/PAN composite
nanofiber. Composite nanofibers contain (a, b) 0.5 wt % and (c, d) S
wt % GONR.

(3.34 GPa) of the pristine PAN nanofiber yarns, respectively.
These values are also 220% and 180% higher than the reported
value of the strength (80 MPa) and the modulus (3.1 GPa) for
the functionalized-MWNT/PAN composite nanofibers (f-
MWNT/PAN = 5/95 wt/wt), respectively.21 This is due to
that the higher specific surface area of the nanoribbon than that
of the nanotube contributes to the better interfacial contact to
the polymer matrix and the better additive effect of the
nanoribbon on mechanical properties, as Tour and Koratkar et
al. pointed out.” At a low GONR fraction, the highly oriented
GONRs (Figure 4ab) improved the interfacial contact and
interaction between the GONR and polymer matrix. At a
higher GONR fraction (>0.5 wt %), on the other hand, the
GONRs would be poorly dispersed and easily form
agglomerates with decreased interfacial contact between the
GONR and polymer matrix (Figure 4c,d). This is responsible
for the observation of the maximum tensile strength and
Young’s modulus.

Preparation of GNR/Carbon Composite Nanofiber
Yarns. To carbonize the matrix of the composites, stabilization
and carbonization treatments were carried out. The prepared
GONR/PAN composite nanofiber yarns were heated at 230 °C
for 3 h in the air for stabilizing, and then they were heated at
1000 °C for 1 h in a nitrogen atmosphere for carbonization.
During the carbonization, the GONRs can be reduced in the
nitrogen atmosphere. To characterize the stabilized GONR/
PAN composite nanofiber yarns, Fourier transform infrared
spectroscopy (FT-IR) and thermogravimetric-differential ther-
mal analysis (TG-DTA) measurements were carried out
(Figures S4 and SS, Supporting Information). Figure 6 shows
the surface SEM images of the GNR/carbon composite
nanofiber yarns. The morphology and shape of the nanofiber
yarns were maintained after carbonization.

To elucidate the internal structure of the GNR/carbon
composite nanofiber yarns, Raman spectroscopy measurements
were performed. Figure 7a shows the Raman spectra of the
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Figure 5. Additive effects of GONR on (a) elongation, (b) tensile
strength, and (c) Young’s modulus of the composite nanofiber yarns.

GNR/carbon composite nanofiber yarns. A D-band around
1360 cm™' corresponds to the amorphous carbon and
structural defects (A, D breathing mode), and a G-band
around 1580 cm™' corresponds to the graphite structures and
tangential shearing mode of the carbon atom (Ezg, G mode).
The relative intensity ratio of the D-band to the G-band, I,/I,
which is called the “R-value”, indicates the amount of
structurally ordered graphite crystallites in the carbonaceous
materials.”>** The Ip/I ratio for the carbonized yarns showed
a peak at the 0.5 wt % GONR fraction (Figure 7b). At a greater
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Figure 6. Surface SEM images of the GNR/carbon composite
nanofiber yarns. (a) Pristine PAN-based carbon nanofiber yarn.
Composite nanofiber yarns contain (b) 0.1, (c) 0.3, (d) 0.5, (e) 1, (f)
2, and (g) S wt % of the GONR, and (h) low-magnification image of
(d).

than 0.5 wt % GONR fraction, the R-value increased (i.e., the
crystallinity decreased). This supports the belief that the highly
oriented GONRs in the nanofibers promote formation of
ordered graphitic structures in the surroundings of the
functional groups on the basal planes and edges of the
GONRs during stabilization and carbonization. The oxygen-
containing functional groups (e.g., hydroxyl end groups) can
help to initiate the PAN cyclization and induced the
aromatization during stabilization.”* "> Analogously, the highly
oriented GONRs in the PAN nanofibers would function as a
promoter for the cyclization and aromatization, which would
facilitate the further formation of ordered graphitic structures in
the surroundings of the nanoribbon during stabilization. In
addition, nanocarbons can act as nucleating and templating
agents for the formation of a graphitic structure during
carbonization.”” More recently, Dzenis et al. reported that the
incorporation of a small amount of double-walled carbon
nanotubes into the electrospun PAN nanofibers significantly
improved formation of the graphitic structure and crystal
orientation of the carbonized composite fibers.”®

The effects of the GONR content on the mechanical
properties of the GNR/carbon composite nanofiber yarns were
obtained from the stress—strain (S—S) curves (Figure S6,
Supporting Information). The results are shown in Figure 8.
The elongation was in the range of 0.4—0.7%. The tensile
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carbon composite nanofiber yarns with different GONR weight
fractions.

strength and the Young’s modulus were significantly increased
compared to those of the pristine PAN nanofiber yarns and
PAN-based carbon nanofiber (CNF) yarns. The tensile
strength showed a peak at the 0.5 wt % GONR fraction. The
maximum strength of 382.4 MPa was 550% and 250% higher
than those of the pristine PAN nanofiber yarns (69.7 MPa) and
PAN-based CNF yarns (152.6 MPa), respectively. This value is
also comparable to the GNR fibers spun from the liquid crystal
phase solutions (378 MPa),”® but lower than CNT fibers
directly spun from CVD (~1.8 GPa assuming a density of 1 g
em™3).*° The GONR-fraction dependence on the tensile
strength can be explained by the crystallinity (R-value, Figure
7b) of the carbonized composite nanofiber yarns. The Young’s
modulus, on the other hand, showed a peak at the 1 wt %
GONR fraction. The maximum modulus of 53.6 GPa was
1620% and 180% higher than those of the PAN nanofiber yarns
(3.3 GPa) and the PAN-based CNF yarns (30.3 GPa),
respectively. The difference in the GONR fraction for the
maximum values between the tensile strength and Young’s
modulus would depend on the internal structure of the
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Figure 8. Effect of GONR content on the (a) elongation, (b) tensile
strength, and (c) Young’s modulus of the GNR/carbon composite
nanofiber yarns.

composite nanofiber. For a more detailed discussion, a more
precise characterization of the internal structure is required.
Figure 9 shows the additive effect of GONR on the electrical
conductivity of the GNR/carbon composite nanofiber yarns.
The electrical conductivity also showed a peak at the 0.5 wt %
GONR fraction. This trend correlates well with the GONR-
fraction dependence of the other properties (i.e. tensile
strength and R-value). The maximum conductivity was 165.1
+ 4.3 S cm™". This value is larger than the maximum value of
the reported electrospun carbon composite yarns (154 S cm™
for the MWNT/carbon composite nanofiber yarns),'® but
lower than that of nanocarbon-based carbon fibers prepared by
other spinning methods (285 S cm™ for the GNR fibers from
the liquid crystal phase solutions™ and ~8000 S cm™ for the
single-walled CNT yarns from CVD?"). Interestingly, this value
was 220% higher than that of the PAN-based pristine CNF
yarns (76.5 + 2.0 S cm™") and about 300% higher than that of
the monolayer GNR (53.6 S cm™ for the annealed GNR
(Figure S7, Supporting Information)). This also supported the
hypothesis that the well-dispersed and highly oriented GONRs
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in the as-spun nanofibers enhanced the formation of the
ordered graphitic structure during the stabilization and
carbonization. At a less than 0.5 wt % GONR fraction, well-
dispersed and highly oriented GONRs would enhance the
formation of a continuous ordered graphitic structure along the
fiber axis in the carbonized fibers. At a greater than 0.7 wt %
GONR fraction, on the other hand, the agglomerates of
GONRs would prevent formation of a continuous ordered
graphitic structure in the fibers.

B CONCLUSION

In conclusion, we demonstrated the fabrication of GNR/carbon
composite nanofiber yarns by electrospinning of the GONR/
PAN composites, followed by successive twisting and carbon-
ization. The TEM analysis showed that the well-dispersed
nanoribbons were highly oriented along the fiber axis in the
electrospun fibers. This is due to the electrified thin liquid jet
formed during electrospinning. A low weight fraction of the
GONRs improved the mechanical properties of the composite
nanofiber yarns. In addition, carbonization significantly
enhanced the mechanical and electrical properties. Our
characterizations supported the hypothesis that the GONRs
contained in the nanofibers effectively functioned as not only
the 1-D nanofiller but also the nanoplatelet promoter of
stabilization and template agent for the carbonization. These
results indicate that the GONR is a promising 1-D nanofiller
for electrospun nanofiber-based composite materials. In
particular, GONRs can potentially deliver synergistic simulta-
neous reinforcement and structural improvements. At present,
we have not accomplished the optimization of the GNR/
carbon composite nanofibers. It is expected that far better
physical properties can be attained by optimization of spinning
conditions (e.g,, spinning solutions containing a higher content
of well-dispersed GONRs or higher-aspect-ratio ones) and
stabilization and carbonization conditions. The GNR/carbon
composite nanofibers could be applied to reinforcements for
lightweight composites and high-performance electrodes for
fuel cells, fiber-shaped solar cells, 2 secondary batteries, and
capacitors, including flexible and wearable electronic devices. In
addition, a more detailed discussion of the formation
mechanism of the graphitic structure in the nanofibers during
stabilization and carbonization based on precise structural
analyses (e.g., high-resolution TEM and microbeam X-ray
scattering analysis) will be required. Further studies are now in
progress, and the results will be reported.
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