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P
olyacrylonitrile (PAN) and pitch are
the two dominant precursors for the
production of carbon fiber; each has

its unique advantages, and fibers made
fromone rawmaterial do not have the same
properties as fibers made from the other.
PAN-based carbon fiber is used for high
tensile and compressive strength applica-
tions.1 Because of processing ease, wet or
dry jet wet spinning is used for PAN-based
carbon fiber production.2,3 PAN precursor
fibers must be first postprocessed by oxida-
tive stabilization at 200�300 �C in air, typi-
cally for 2�3 h, in order to convert PAN into
an infusible ladder structure to enable the
fibers to be stable during subsequent higher
temperature processing.4�6 The chemical re-
actions involved in the stabilizationprocess are
oxidation, cyclization, and dehydrogenation.7

In the oxidation step, air acts as the oxidizing
medium that produced a PAN backbone that
bears oxygen functionality to give greater sta-
bility to the fiber at higher temperatures.8�10

Cyclization of the nitrile groups with the adja-
cent carbons converts the CtN to one CdN
and one C�N, thus forming a six-membered
ring structure.11 Dehydrogenation produces
CdC by eliminating H atoms to stabilize
carbon chains.12 These stabilized fibers need
to go through carbonization at e1600 �C in
an inert atmosphere (nitrogen or argon) to
eliminate the non-carbon atoms and form a
turbostratic structure.7,13,14 In order to achieve
fiber orientation and high modulus, the car-
bonized fiber must undergo graphitization
above 2100 �C to convert the turbostratic
carbon structure to a graphite structure.7,15�17

However, PAN contains highly polar nitrile
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ABSTRACT Graphene oxide nanoribbons (GONRs) and chemically reduced

graphene nanoribbons (crGNRs) were dispersed at high concentrations in chloro-

sulfonic acid to form anisotropic liquid crystal phases. The liquid crystal solutions

were spun directly into hundreds of meters of continuous macroscopic fibers. The

relationship of fiber morphology to coagulation bath conditions was studied. The

effects of colloid concentration, annealing temperature, spinning air gap, and

pretension during annealing on the fibers' performance were also investigated.

Heat treatment of the as-spun GONR fibers at 1500 �C produced thermally reduced
graphene nanoribbon (trGNR) fibers with a tensile strength of 378 MPa, Young's

modulus of 36.2 GPa, and electrical conductivity of 285 S/cm, which is considerably

higher than that in other reported graphene-derived fibers. This better trGNR fiber

performance was due to the air gap spinning and annealing with pretension that produced higher molecular alignment within the fibers, as determined by

X-ray diffraction and scanning electron microscopy. The specific modulus of trGNR fibers is higher than that of the commercial general purpose carbon fibers

and commonly used metals such as Al, Cu, and steel. The properties of trGNR fibers can be further improved by optimizing the spinning conditions with

higher draw ratio, annealing conditions with higher pretensions, and using longer flake GONRs. This technique is a new high-carbon-yield approach to

make the next generation carbon fibers based on solution-based liquid crystal phase spinning.
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groups, which hinder the alignment of the molecular
chains during spinning; thus the fibers are not com-
pletely graphitized during the graphitization process,
yielding fibers with moderate modulus and electrical
conductivity.17,18

Pitch-based carbon fibers can be classified into two
categories according to their properties. High-perfor-
mance carbon fiber (HPCF) is spun from anisotropic
mesophase pitch, yielding fibers with high modulus
and high electrical conductivity. General purpose car-
bon fiber (GPCF) is made from isotropic pitch, yielding
moderate mechanical properties.19 Mesophase pitch
fibers yield high modulus and electrical conductivity
because the intrinsic liquid crystal order of the spinning
gel translates into well-aligned as-spun fibers that are
ordered in three dimensions following heat treatment.
Melt spinning is used for making mesophase pitch-
based carbon fiber, and the spinning temperature is
∼350 �C.17,18,20,21 Postprocessing of pitch-based carbon
fiber is similar to that of PAN-based carbon fiber, as it also
includes the same three steps including stabilization,22,23

carbonization, and graphitization.18,24

The carbon yield of a carbon fiber precursor is the
ratio of the weight of annealed product to the weight
of the precursor, expressed as a percentage; precursors
with a high carbon yield are crucial to carbon fiber
production since usable content is optimized while
producing less waste, thus lowering the production
cost. Rayon, PAN, and pitch are three major precursors
to carbon fiber production; they have carbon yields of
20�35, 50�60, and 70�80%, respectively.18,25

On the basis of the known properties of PAN and
pitch-based carbon fibers, we conjectured that large
mesogenic graphitic structures that are solution-spun
at room temperature could be the ideal building blocks
for making high-performance carbon fiber in a scalable,
economical process. It is known that graphene forms

liquid crystals in superacid,26 and that research has led
to solution-spun mesogenic graphitic structure fibers.27

Some work on GO liquid crystal formation has been
done,28�32 and the extrusion of the GO liquid crystal
phase into a coagulation bath, followed by chemical
reduction, produced graphene fiber.32,33 Anothermeth-
od of making graphene fiber has been reported by
baking GO aqueous suspension in a glass tube.34 How-
ever, those graphene fibers were produced without in-
trinsic alignment, resulting in low tensile modulus and
low electrical conductivity. More highly aligned fibers
can be attained by applying drawing tension while
spinning from liquid crystal solutions. Finally, the surface
morphologies of the previously synthesized graphene
fiberswerenot smooth, and they hadanoncircular cross
section. This likely could be solved by selecting an
appropriate solvent for GO dispersion along with the
proper matching coagulation bath solvent.
In this work, the starting materials for all fibers are

graphene oxide nanoribbons (GONRs) that were
obtained from the oxidative unzipping of multiwalled
carbon nanotubes (MWCNTs).35,36 The GONRs can be
spun directly into GONR fibers. Those GONR fibers can
be thermally reduced (tr) to yield trGNR fibers. By using
hydrazine,35 GONRs can be chemically reduced (cr) to
crGNRs that can be spun into crGNR fibers. The crGNR
fibers can be annealed (a) to afford a-crGNR fibers. The
two different fiber preparations are shown in Scheme 1.
GONRs are an attractive precursor to carbon fiber,

essentially combining the merits of PAN and pitch, as
shown in Figure 1. GONRs are graphene layers with
oxygen functional groups. The lengths of the GONRs
average 4 μm, with widths over 100 nm. In addition,
both crGNRs and GONRs can be dispersed in chloro-
sulfonic acid, commonly used in manufacturing syn-
thetic detergents, sulfonamide antibacterials, and
pesticides,37 to form anisotropic liquid crystal phases

Scheme 1. Procedure for processing two types of GNR fibers.
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at room temperature. Diethyl ether (bp = 35 �C, visco-
sity = 0.224 cP at 25 �C) was used as the coagulation
bath solvent. The spinning apparatus was the same as
that used to spin carbon nanotube fibers;38,39 it includes
a self-made spinning chamber with a piston. The piston
is connected to a pressure controller at one end of the
chamber, and a spinneret (capillary tube) is affixed to the
other end of the chamber. The lyotropic materials were
extruded, through the small spinneret, into the coagula-
tion bath with an air gap to produce aligned ribbons
within the as-spunfibers. Stabilization isnotnecessary for
crGNR or GONR fibers since they are already suitably
constituted with preformed graphene layers. Carbon
fibersproduced fromgraphenenanoribbons (GNRs), after
industrial optimization, might yield enhancements to this
important class of materials, and we describe here our
initial results using these starting structures.

RESULTS AND DISCUSSION

Solubility Study and Liquid Crystal Phase Observations. The
GONRs were characterized by SEM and atomic force
microscopy (AFM) as shown in Figure S1 (Supporting
Information). The average length of the ribbons was
4 μm, and the width was >100 nm; a size distribution
diagram is shown in Figure S1b. AFM analysis indicated
that the height of the ribbon was ∼1.2 nm, which
implies that the ribbons are single layer.

The solubility of both GONRs and crGNRs in chlor-
osulfonic acid was studied prior to spinning. Micro-
scope slides of 2 wt%GONRs or crGNRs were prepared
for analysis by polarized optical microscope (POM).
Birefringent patterns typical of a liquid crystal phase
were detected from both samples (Figure 2). Concen-
trations of 8, 12, and 15 wt % GONR and 8 wt % crGNR
samples were studied, and all had a liquid crystal phase

(Supporting Information Figure S2); this confirmed that
GONRs and crGNRs are promisingmaterials for solution-
based wet spinning. However, 15 wt % GONRs start to
show big aggregations which can deteriorate the spin-
ning continuity and morphology of as-spun fibers. The
GONRs and crGNRs are apparently dispersed in the
acid through a protonation mechanism that is similar
to that observed for graphene and SWNCTs.26,40,41

Raman spectroscopy of this GONR colloidal mixture
showed a shift in theGpeak from1594.2 to 1618.1 cm�1

(Supporting Information Figure S3), an indication of
protonation by chlorosulfonic acid. This protonation
is reversible since the Raman G peak shifted back to
1594.2 cm�1 when the acid was washed away with
water.

Spinning Method and Parameters. The spinning tech-
nique used is dry jet wet spinning, which is used by
industry for PAN-based carbon fiber, Kevlar, and Zylon
fiber spinning. Images of the spinning process, includ-
ing extrusion with a 12 cm air gap, coagulation, and
fiber collection are shown in Figure 3. The extrusion
rate was 0.0066mL/min; the length (L) of the spinneret
was 2.54 cm, and the orifice diameter (D) was 125 μm,
so the L/D ratio was calculated to be 203. Tens of meters
of continuousGONR fibers can be spun in 1 h. The air gap
set here is crucial to the fiber's performance; this effect
will be further discussed in the mechanical characteriza-
tion section. The air gap has been observed to be very
important for the spinability and drawability of some
polymeric fibers, such as PAN; too long or too short an air
gapwill lead to inferior drawability and tensile properties.
If a rolling drum is used to stretch the fiber during spinn-
ing, the alignment of the as-spun fiber can be further
improved. Unfortunately, a higher draw ratio was not
possible using the present apparatus; this problem could

Figure 1. Schematic of the features of different carbon fiber precursors. (a) PAN precursor; long disordered polymer chains.
(b) Mesophase pitch precursor; liquid crystal phase with small individual molecules about 2 nm in diameter. (c) GNR liquid
crystal phase with individual ribbons 4 μm in length, over 100 nm in width.
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be solved by a newly engineered design. The maximum
air gap for a stable spinning is 15 cm for the current setup.

Coagulation and Fiber Morphology Study. Little research
has been done regarding the preferred coagulation
bath conditions to produce graphene fibers, thus rough
fiber morphologies and noncircular cross-sectional
shapes were attained in previous studies.32,33 The cross-
sectional shape of wet-spun fibers is closely associated
with the choice of coagulation conditions; it is an

important structural characteristic that can influence
certain fiber and fiber assembly properties.42�44 An
appropriate coagulation bath composition should satisfy
the needed requirements. First, GO or GONRs should be
insoluble in the coagulation bath. Second, the cross-
sectional shape of the wet-spun fibers is determined by
the deformability of the coagulated layers and themass
transfer rate difference.43 In other words, the coagula-
tion rate should be high, thus the coagulated layers
would have a small gradient at the interface between
the surface layer and the core, and the coagulated outer
layers will not deform easily toward the core direction,
so a circular shape can be expected. The mass transfer
rate difference needs to be low, which means the
solvent's rate of diffusion out of the fiber should not be
much faster than the absorption of the nonsolvent.44 If
the rates are not similar, then an irregular cross-sectional
shape will likely be produced along with voids. Third, the
viscosity of the bath should be low so as to mitigate
etching of the surface of the fiber while it moves in the
bath, therefore resulting in good surface morphology.

In this case, water was evaluated tomake the GONR
solution since water is easier and safer to use than
chlorosulfonic acid. A liquid crystal phase was ob-
served for a 5 wt % GONR aqueous solution, as shown
in Figure S4a. For the coagulation bath, ethyl acetate,
methyl acetate, or diethyl ether was tried, but none of
these yielded satisfactory fiber morphologies, as shown
in Figure S4b,c. Overall, dissolving the GONRs in water
did not yield good fibers.

Figure 3. Dry jetwet spinning setup. (a) Coagulationbath of
ether covered with parafilm to slow evaporation. Contin-
uousfiberswere spun into the bathwith a 12 cmair gap. The
area framed by the red box is enlarged in the inset image
and shows the fiber extruding from the spinneret. (b) Fibers
spontaneously form a coil in the bottom of the coagulation
bath. (c) Fibers collected on a Teflon drum. A movie of the
spinning process can be found in Supporting Information.

Figure 2. Liquid crystals in chlorosulfonic acid as observed through POM: (a) 2 wt%GONRs under transmissionmode; (b) 2 wt%
GONRs under cross-polarizedmode; (c) 2 wt % crGNRs under transmissionmode; (d) 2 wt % crGNRs under cross-polarizedmode.
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SEM images of 8 wt % as-spun GONR fibers using
the chlorosulfonic acid/diethyl ether solvent�coagulant
pairs are provided in Figure 4, which shows circular cross-
sectional shape.

Mechanical Characterizations of GONR and trGNR Fibers from
8 wt % Colloid. The GONR fibers spun with different air
gaps have an average diameter of 54 μm, tensile
strength of 33.2 MPa, modulus of 3.2 GPa, and elonga-
tion of 1.64%. GONR fibers are quite flexible and can be
knotted into a loop with a minimum∼1 mm diameter,
as shown in Figure 4c. The porosity of the as-spunGONR
fiberwas evaluatedbyusing aBETmeasurement, and its
N2 adsorption�desorption isotherm is shown in Figure S5.
On the basis of the BET measurement, the fiber surface
area is 58 m2/g.

Heat treatment of the precursor fibers is a key step
for their improved performances. The moduli of both
PAN andmesophase pitch-based carbon fiber increase
with higher annealing temperature. The tensile strength
of PAN-based carbon fiber peaks at a carbonization
temperature of about 1500 �C and then drops upon
further increase of carbonization temperature; for meso-
phase pitch-based carbon fiber, the tensile strength
increases with higher annealing temperature.1

The surfacemorphologies of 1050 �C trGNRwith 1.3
g force (gf) pretension are shown in Figure 5a,b. The
diameter of the fiber was smaller since the oxygen
functional groups and some voids were eliminated.
The fiber with the best physical properties had a tensile
strength of 383 MPa, a modulus of 39.9 GPa, and an
elongation to break of 0.97%; a typical stress�strain

curve is shown in Figure 5c. The tensile strength and
modulus increased by about 1 order of magnitude
when compared to the as-spun GONR fibers. Higher
molecular alignment leads to higher tensile modulus.
Our result shows that trGNR fibers have higher tensile
modulus when compared to graphene fibers pro-
duced using other methods (∼10 GPa).32�34 The den-
sity of trGNR fiber annealed without pretension was
measured to be 0.88 g/cm3, less than half of that of
carbon fibers (1.75�2.2 g/cm3).18 This could be due
to the existence of residual microvoids within the
trGNR fibers. The specific strength of trGNR fiber is
430 kN*m/kg, which is higher than some commercial
GPCF and metals such as titanium, aluminum, and
steel;45 a comparison diagram is shown in Support-
ing Information Figure S6.

By comparing the performance of 1300 and 1500 �C
trGNRfiberswith 0.5 gf pretension,we observed that the
tensile strength andmodulus had a small increase; since
this increase was within error limit, we can make no
definite conclusion. The thermal annealing apparatus
used in the present case has a high-temperature limit of
1500 �C; hence, no definite conclusions regarding tem-
peratures above 1500 �C can be made.

The effect of the air gap on the properties of the
fiber was also studied. As shown in Table 1, the GONR
and trGNR fibers (8 wt %) with a 12 cm air gap had a
significantly smaller diameter and better mechanical
performance than the fibers with a 2 cm air gap. When
a larger air gap was used, the gravity of extruded
solution may accelerate the solution dripping speed

Figure 4. Characterizations of GONR fibers spun from 8 wt % colloid. (a) Surface morphology of the as-spun fiber. (b)
Transverse cross-section morphology. (c) Fiber was knotted into a loop.

Figure 5. (a) Surfacemorphology of the 1050 �C annealed trGNR fiber. (b) Cross-sectionmorphology of the 1050 �C annealed
trGNR fiber. (c) Typical stress�strain curve of the as-spunGONR fiber (12 cm air gap) and 1050 �C annealed trGNR fiber (12 cm
air gap) with 1.3 gf pretension.
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before entering the coagulation bath, which stretches
and further aligns the orientation of the GONR in the
as-spun fibers. However, it is not true that lengthier air
gap can always lead to better fibers. For a too long air
gap, the axial elastic strain relaxation in the air gap
would play amore important role than axial orientation
in jet stretch. The optimal air gap in the current ex-
perimental setup was not investigated.

The application of pretension to the fiber during
annealing should improve further the alignment of the
trGNRs, resulting in improved electrical and mechan-
ical properties. We therefore studied the effect of
pretension on the performance of the fibers. Properties
of trGNR fibers annealed up to 1500 �C with various
pretensions are summarized in Table 1. Fibers pro-
duced using higher pretensions have better mechan-
ical properties than the fibers annealed using low
pretensions, an observation that has been made with
the production of other carbon fibers.1

The tensile strength andmodulus of trGNR fiber are
slightly lower than those of the commercial GPCF46

made by Kureha and comparable to the coal tar pitch-
basedGPCFs in the literature,47 as shown in Figure 6a. It
has been widely accepted that fibers with smaller
diameters yield better mechanical properties due to
the minimization of voids and defects within the fiber;

this can be supported by comparing the mechanical
properties and SEM images of the transverse frac-
ture morphology of trGNR fibers from 8 and 15 wt %
colloids. Much better mechanical performance could
be attained if the GNR fiber could be made smaller in
diameter by using a smaller spinneret or a higher draw
ratio while spinning. The smallest fiber diameter in the
current study (Table 1) is about 29 μm, while the
diameter of the current commercial high strength
carbon fibers is in the range of 5�7 μm.

Specific modulus is a material property consisting
of the elastic modulus divided by its density. High
specific modulus is preferred in many applications
such as airplane wings, masts, bicycle frames, and
bridges whose design limitations are deflection and
physical deformation. A diagram showing the specific
modulus of different materials is shown in Figure 6b.
The specificmodulusof the trGNRfiber is 41� 107m2/s2,
higher than the commonly used metals such as steel,
aluminum, and copper,45 and is also higher than the
commercial GPCFs produced by Kureha.46 While its
specificmodulus is approaching that of Kevlar fiber,48 it
is still about 1 order of magnitude lower than the best
HPCF.2 Optimization of the spinning and annealing
techniques would increase both the modulus and the
tensile strength.

TABLE 1. Processing Conditions and Mechanical Properties of GONR Fibers from Different Colloid Concentrations

colloid concentration (wt %) diametera (μm) pretension (gf) annealing temperature (�C) tensile strength (MPa) Young's modulus (GPa) elongation to break (%)

8 (2 cm air gap) 59.5 ( 1.6 25.1 ( 0.4 2.4 ( 0.2 1.40 ( 0.30
8 (12 cm air gap) 48.8 ( 3.4 39.3 ( 2.3 3.7 ( 0.3 1.82 ( 0.22
8 44.5 ( 2.1 0.3 1300 101.6 ( 7.1 8.4 ( 0.5 1.41 ( 0.13
8 40.4 ( 2.1 0.5 1300 151.7 ( 20.7 15.3 ( 1.0 1.02 ( 0.21
8 38.9 ( 0.4 0.5 1500 177.0 ( 17.0 15.4 ( 0.3 1.18 ( 0.11
8 (2 cm air gap) 32.2 ( 0.9 1.3 1050 200.5 ( 19.5 25.5 ( 0.1 0.85 ( 0.04
8 (12 cm air gap) 29.5 ( 0.6 1.3 1050 378.0 ( 5.0 36.2 ( 3.8 1.10 ( 0.13
12 72.1 ( 6.9 20.5 ( 2.1 3.2 ( 0.1 0.92 ( 0.03
15 82.0 ( 8.7 18.1 ( 7.2 1.7 ( 0.7 1.33 ( 0.01
15 56.2 ( 4.9 1 1300 210.6 ( 83.8 24.6 ( 4.0 0.82 ( 0.19

a Diameter was measured from the fracture surface through SEM observation.

Figure 6. Mechanical property comparisons of high-performance materials. (a) Diagram of tensile strength and modulus
versus fiber diameter of 8 and 15wt% trGNR fibers and someGPCFs. (b) Comparison of the specificmoduli of the trGNR fiber,
GPCFs, metals, and Kevlar fibers. GPCF1 refers to Kureha KCF-100T; GPCF2 refers to Kureha KCF-100F.
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X-ray Diffraction Study. To study the structure and
molecular alignment, X-ray diffraction (XRD) data for
8 wt % as-spun GONR and trGNR fibers are shown in
Figure 7. The as-spun GONR fibers had two diffraction
peaks at 2θ of ∼10.2 and 42.7, which correspond to
(002) and (100) planes, respectively. After heat treat-
ment, compacted (002) graphene layers were formed
and caused the diffraction peak to shift to 2θ ∼25.9,
which was clearly shown by the 2-D XRD detector
images and the X-ray diffractograms.

Heat treatment under tension induces the packing
andalignmentof the ribbons along thefiber axis. Herman's
orientation factor (f) is defined by f = (3 Æcos2 φæ � 1)/2,

where φ is the angle between the orienting entity and
the fiber axis.49 The optimized alignment of these
ribbons was confirmed by observing Herman's orien-
tation factor, which changed from 0.105 to 0.528 upon
heat treatment. The crystal size (Lc) was calculated by
using Scherrer's formula; Lc increases alongwith higher
annealing temperature. The value of the average gra-
phene interlayer spacing d(002) was from Bragg's law;
d(002) decreases with increased annealing tempera-
ture. The layer number is the number of graphene layers
within a crystallite, which increases with higher anneal-
ing temperature. Lc, d spacing, and layer numbers are
summarized in Table 2; see Experimental Methods for
calculations.

Microstructure Study of Fibers before and after Heat Treat-
ment. Microstructures of the fibers before and after
annealing were investigated, and the SEM images of
fibers' transverse fracture surfaces are shown in Figure 8.
For the as-spun fiber, the alignment of ribbons is poor,
confirming that merely spinning fibers from a liquid
crystal phase does not produce significant alignment if
no draw tension or postprocessing is applied. In the
1300 �C trGNR fibers, large domains of partially or-
dered laminar structures were detected. During heat
treatment, the arrangement of ribbons shifted from
limited order to regional order; this phenomenon
was confirmed by the previous XRD measurement
where Herman's factor increased by 5 times. Heat
treatment eliminated the oxygen functional groups
on the GONRs. When pretensions were applied along
the fiber axis direction, the ribbons also tended to
rearrange toward that direction, thus inducing orien-
tationwithin the fibers. Those regional ordered laminar
structures can be further improved to well-ordered
structures after spinning and heat treatment optimiza-
tion studies.

Electrical Properties. The reduction of oxygen groups
and alignment of ribbons both contribute to the large
increase in the fiber's electrical conductivity. The 1500 �C
treated trGNR fiber yielded a conductivity of 285 S/cm.
This is higher electrical conductivity than that reported

Figure 7. Two-dimensional XRD detector images of (a) as-
spun 8 wt % GONR fiber; (b) 1300 �C annealed trGNR fiber;
(c) 1500 �C annealed trGNR fiber. (d) X-ray diffractograms.

TABLE 2. Parameters of Fibers CalculatedBasedon theXRD

Data (They Are All from 8wt%Colloidal Solution Spinning)

sample name Lc (nm) d(002) (nm) f layer number

GONR 5.1 0.870 0.105 7
trGNR (1300 �C) 2.7 0.346 0.462 9
trGNR (1500 �C) 4.8 0.343 0.528 15

Figure 8. Transverse fracture surface of (a) as-spun GONR fibers from 15 wt % colloidal solution, showing ribbons with little
order; (b) 1300 �C annealed trGNR fiber from 15wt% colloidal solutionwith 1 gf pretension, partially aligned graphitic layers.
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for chemically reduced graphene fibers (250 S/cm32

and 35 S/cm33) and the hydrothermally synthesized
graphene fibers (10 S/cm).34 Note that the GONRs used
in current study are smaller in size than the GO flakes
used in previous studies;32�34 the smaller size usually
leads to lower electrical conductivity. However, in our
case, it is likely that the air gap during spinning and the
pretension in the annealing process produce better
fiber alignment that contributes to the better electrical
properties. A typical I�V curve is shown in Figure S7.

Fibers Spun from Other Concentrations. GONR fibers
spun from 12 and 15 wt % colloid solutions were
characterized as was done for the 8 wt % fibers.
Spinning from higher concentration yields fibers with
larger diameters and lower tensile strength. Lower
tensile strength results from more defects and voids
within the fibers, and these defects and voids could
easily initiate a break. The mechanical properties of
fibers spun from the 12 and 15 wt % colloids are
summarized in Table 1. Additional SEM images of the
fiber morphology and their mechanical properties are
shown in Figures S8�S10. The SEM images show that
15 wt %GONR fibers spun from the same batch exhibit
large deviations in morphology and mechanical prop-
erties. This might be because the GONRs are near their
upper solubility limit in chlorosulfonic acid. Spinning
from 12 and 15 wt % colloids sometimes clogged the
spinneret, and the fibers were not as continuous as
those spun from the 8 wt % colloid.

crGNR Fiber Spinning and Characterization. Spinning of
crGNR fibers was performed by the same process used
for GONR fiber spinning. Since the crGNRs are quite
conductive, even the as-spun crGNR fibers yield a

conductivity of 5.6 S/cm. Annealing a-crGNR fiber at
1050 �C without pretension yields a tensile strength of
90 MPa. The reason for the lower performance of the
crGNR fiber compared to the trGNR is not clear. It is
possible that there was poor dispersion of crGNR in
chlorosulfonic acid at high concentration, leading to
aggregation in the colloid and resulting in discontinuous
spinning andmore voids in the as-spun fibers. Images of
the fiber morphology and its properties are shown in
Figure S11.

Carbon Yield. Previous experiments indicated that the
weight loss of 950 �C heated crGNRs was ∼15 wt %.35

Hence, the carbon yield of crGNRs is 85 wt % at this
temperature. For GONRs, the carbon yield ranged from
52 to 80 wt % at 950 �C according to the oxidation
level.35 It is known that the weight loss in heat treating
carbon materials over 1000 �C is mainly attributed to
the loss of hydrogen,50,51 which is less than 1wt%even
when heated to 3000 �C.52 With that 1 wt % taken into
account, the carbon yield of crGNR is still higher than
any known carbon fiber precursors while the carbon
yield of GONRs is comparable to that of PAN and pitch.
A summary of the carbon yield of different precursors
when heated over 2500 �C is shown in Figure 9.

CONCLUSIONS

High concentrations of GONRs are dispersed in
chlorosulfonic acid through a protonation mechanism.
Continuous GONR fibers were successfully spun from
liquid crystal phase solutions using an air gap in the
spinning process. Fiber morphology and cross-sectional
shape are directly related to the selection of coagulation
bath solvent. Fibers spun from higher concentration
yield more voids and lower performance. Postproces-
sing is crucial to achieve molecular alignment in a fiber.
The GONR-based carbon fibers had better properties
after higher temperature annealing with higher preten-
sion. Partial anisotropic domains within the trGNR fiber
matrix make their specific tensile strengths comparable
to and their specific moduli and electrical conductivities
higher than those of commercial GPCF. It is expected
that far better properties can be attained by optimiza-
tion of the spinning and annealing conditions to attain
well-ordered fibers. This new carbon fiber precursor
together with the more accessible spinning technique
could be a harbinger for the next generation HPCF and
spark a new advance for future carbon fiber production
to serve the high-performance markets.

EXPERIMENTAL METHODS
Materials and Sample Preparations. MWCNTs were of the endo-

type and were generously donated by Mitsui & Co., Ltd. The
MWCNTs were converted to GONRs using a previously pub-
lished method.35 For 8 wt % GONR colloidal solutions, GONRs
(0.8 g) and chlorosulfonic acid (5.2 mL) were mixed in a flask in a
glovebox and the flask was sealed using PTFE tape. The solution

was prepared in a hood following a protocol similar to that used
for single-walled carbon nanotube solutions.38,39 The colloid
was returned to the glovebox again for microscope slide
preparation. The slide must be sealed with aluminum tape to
avoid its contact with air when it is removed from the glovebox
for POM analysis. GONRs and crGNRs of other concentrations
were made in a similar fashion using appropriate amounts of

Figure 9. Carbon yields of different carbon fiber precursors
when heated over 2500 �C. *Heated to only 950 �C in
experiment; the additional weight loss between 1000 and
2500 �C is generally small.
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materials. GONRs (0.8 g) were mixed with chlorosulfonic acid
(3.3 or 2.6 mL) to get 12 or 15 wt % GONRs, respectively.

Fiber Spinning and Processing. GONR colloid was loaded into
the spinning chamber within the glovebox. The loaded cham-
ber was evacuated under vacuum before spinning to degas the
sample. Fibers were extruded into the ether coagulation bath
with an air gap of 2�15 cm (Supporting Information movie 1).
Fibers were soaked in the bath for 10 min, collected on a
rotating drum, and finally dried in the oven at 110 �C for 2 h.

Heat Treatment. For the heat treatment process, fiber speci-
mens were fixed onto a graphite fixture under tension. The
apparatus was purged with argon for 30 min at a flow rate of
14 L/min prior to heating. The samples were heated from room
temperature to 1500 �C at a heating rate of 5 �C/min with
purging argon at 10 L/min. After reaching the required tem-
perature, it was held for 10min and then the sample was cooled
to room temperature.

Mechanical Testing. Mechanical testing was done using an
Instron model 1000 with 0.5 mm/min extension rate and 12 mm
gauge length. The diameter of the fiber was measured from the
fracture surface by scanning electronmicroscopy (SEM) observation.

Fiber Density Measurement. Thirty meters of GONR fibers was
collected and placed in the oven at 110 �C to remove the
residual ether, followed by heat treatment at 1050 �C with no
pretension. The cross-sectional area, S, of the fibers was ob-
tained by SEM based on the average of 10 different samples.
The weight of these fibers was determined using an Aldinger
Mettler AE100 balance.

X-ray Diffraction Measurement and Calculations. Measurements
were made by performing an equatorial scan (perpendicular
to the fiber axis), a meridian scan (parallel to the fiber axis), and
an azimuthal scan (rotating the fibers in the attachment) at the
fixed Bragg position. The sample parameters were calculated as
follows: the (002) peak from the equatorial scan was used to
estimate the value of the average graphene interlayer spa-
cing, d(002), and the crystallite thickness Lc; the layer number
was obtained by using the formula Lc/d(002). The value of d(002)
was calculated using Bragg's law, and the crystallite thickness Lc
was calculated using Scherrer's formula: d(002) = λ/2 sin θ; Lc = Kλ/
β cosθ, whereλ is theX-raywavelength,θ is the scattering angle, K
is the shape factor (0.89), and β is full width at half-maximum
intensity.
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