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1. Introduction
Continuous carbon nanofibers (CNF) present an attractive building block for

a variety of multifunctional materials and devices. However, the carboniza-
tion of poly(acrylonitrile) (PAN) precursors usually results in CNFs with poor
graphitic structure and, consequently, modest/non-optimized properties. This
paper reports that the graphitic structure of CNFs can be improved with an
addition of a small amount of graphene oxide into PAN prior to processing.
Continuous CNFs with 1.4 wt% of graphene oxide nanoparticles are pre-
pared from PAN solutions by electrospinning, stabilized, and carbonized at
800 °C, 1200 °C, and 1850 °C. While the as-prepared graphene oxide-filled
PAN nanofibers exhibit a considerable reduction in polymer crystallinity,
Raman analysis of the carbonized nanofibers shows that both templating
with graphene oxide and increasing the carbonization temperature signifi-
cantly improve the graphitic order in CNFs. The effect of graphene oxide is

Carbon nanofibers (CNFs) have enjoyed
increasing use in a broad variety of
nanotechnology applications, including
materials and devices for the energy,
environmental, biomedical, electronics,
and structural sectors.l'””7l Continuous
carbon nanofibers are typically produced
by carbonizing electrospun polymer-based
precursors.”#l In the production of such
continuous polymer nanofilaments, dilute
polymer solutions are jetted in high elec-
tric fields,®? where intensive electrical
forces, coupled with electrohydrodynamic
instabilities, yield ultrathin nanofibers
whose diameters can range from single

more significant at higher carbonization temperatures. Selected area elec-
tron diffraction analysis of individual nanofibers reveals increased graphitic
order and preferred orientation both in the vicinity of visible graphene oxide
nanoparticles and in the regions where nanoparticles were not visible. These
results indicate a possibility of global templating in CNFs, where the addition
of a small amount of graphene oxide nanoparticles can template the forma-
tion of good, preferentially oriented graphitic crystallites in CNFs, leading to
improved structure and mechanical and transport properties.

nanometers to micrometers. This top-
down electrospinning process typically
produces random nanofiber mats but
methods for aligning nanofibers have
also been developed.®% The continuous
nature of electrospun nanofibers, which
facilitates handling and processing while
significantly reducing health concerns,
distinguishes them from other nanoma-

terials produced by bottom-up synthetic
methods.

CNFs can be produced from a variety of polymers.”l The
most common is poly(acrylonitrile) (PAN),!% which has been
used in the manufacturing of most commercial high-perfor-
mance carbon fibers due to its high carbon yield and the supe-
rior strength of the resulting fibers.''13] The manufacturing of
CNFs from electrospun PAN precursors usually follows a com-
mercial carbon fiber manufacturing process, which includes
oxidative stabilization and carbonization steps;”'% however,
most continuous CNFs produced to date have exhibited rela-
tively poor graphitic structures. To achieve materials with
higher elastic moduli and thermal and electrical conductivities,
improved graphitic order is needed. A degree of graphitic order
and, particularly, preferential axial orientation of the graphitic
nanocrystallites within the fibers is also required for higher
carbon fiber strength.

One known way to improve the graphitic structure within a
carbon fiber is to increase the carbonization temperature: high-
temperature graphitization significantly increases the size and
alignment of turbostratic graphitic crystallites in PAN-based
carbon fibers,1"13 resulting in improvements in modulus and
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conductivity. While turbostratic ordering of up to 40 graphitic
layers has been observed after heat treatment of electrospun
CNFs at 3000 °C,!**l fiber processing at such a high temperature
requires specialized, expensive equipment. Thus, the ability to
improve the quality and ordering of the graphitic structures in
CNFs at lower carbonization temperatures is highly desirable
for economic manufacturing and applications.

An alternative strategy for improving the quality and
ordering of the graphitic structures within a carbon fiber is
to increase the alignment of the polymer chains inside the
polymer precursor fiber. Such increased alignment has been
found to improve the elastic modulus of the PAN precursor
fibers, which directly correlated to the modulus of the final
carbon fibers.'>! The alignment of polymer chains inside the
polymer precursor fibers can be improved by, among other
methods, incorporating oriented inclusions that possess high
surface area and can interact strongly with polymer chains to
pre-organize them in a manner that maximizes chain orienta-
tion. Carbon-based nanoinclusions that possess long range,
ordered graphitic structure would be especially beneficial as
they can both organize the polymer chains and simultaneously
serve as a “templating” agent for the formation of graphitic
crystallites during carbonization.

Carbon nanotubes (CNT) have been used as a nanoscale
reinforcement and templating agent in several types of fibers.
Single-walled carbon nanotubes (SWNT) were found to improve
crystallization and chain orientation in polypropylene fibers.[*®l
Incorporation of CNTs into gel-spun PAN-based carbon micro-
fibers has been shown to result in improved graphitic order
and mechanical properties.l'”] CNTs have also been integrated
into electrospun polymer nanofibers,®1% and were shown to
increase polymer chain alignment in PAN nanofibers.'”! Com-
posite CNT/polymer nanofibers have been successfully con-
verted into CNFs?23 and high-resolution
transmission electron microscopy (HRTEM)
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Recent studies have demonstrated that the addition of low
volume fractions of graphene-based nanoparticles to polymers
led to property improvements exceeding those observed for
SWNTs or any other form of carbon at comparable particle load-
ings.?831 Notably, a dramatic 40 °C increase in the glass transi-
tion temperature (T;) of PAN was recorded with only 1 wt% of
functionalized graphene inclusions.?®! Such a large effect indi-
cates strong polymer—graphene interaction that is promising
for pre-organizing polymer chains into aligned structures that
can readily form oriented graphitic crystallites during the car-
bonization of the polymer nanofibers. Surprisingly, graphene-
based nanoparticles have not yet been used as templating
agents in carbon fibers or nanofibers, to the best of our knowl-
edge. Herein, we introduce graphene oxide as an orienting and
templating agent in PAN-based carbon nanofibers. We show
that incorporation of a small amount of graphene oxide signifi-
cantly improved graphitic order and orientation in continuous
CNFs upon carbonization at relatively low temperatures.

2. Results and Discussion

2.1. Fabrication and Characterization of PAN-based
Precursor Nanofibers

The small graphene oxide nanoparticles that we employed in
our work were obtained by subjecting SP-1 graphite-derived
graphene oxide to high-power ultrasonication (see Supporting
Information for synthetic procedures and characterization
details). The particle size distribution of this material in disper-
sion, as measured by dynamic light scattering (DLS), can be
seen in Figure 1a (it should be noted that dynamic light scat-
tering measurements model particles as spheres, which is not

analysis confirmed an improved local gra-
phitic structure of CNFs in the vicinity of the
CNTs.>4%] However, improvements in struc-
ture and mechanical properties reported to
date have been modest. In addition, manufac-
turing of CNT-reinforced nanofibers has been
challenging and the quality of the resulting
CNFs is generally poor. For example, CNTs
are often curved, causing grown graphitic
layers to follow the curvature.?>?! Other
artifacts, such as CNT ends “sticking out” of
the CNFs and other imperfections, have also
been reported or can be distinguished in the
provided images.[1819:21:22]

Recently, graphene and graphene oxide
have attracted high interest as new types of
nanoscale carbon.”l Fully exfoliated and
stable graphene and graphene oxide nano-
particles can now be produced very inexpen-
sively by several methods.?®l In addition to
having properties that rival those of carbon
nanotubes, graphene and graphene oxide
have large surface areas that can interact
strongly with a wide range of polymers.[2’-32]

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Graphene oxide nanoparticles and electrospun nanofibers: a) DLS size-distribution
plot of the graphene oxide nanoparticles; b) a scanning electron microscopy (SEM) image
of electrospun pristine PAN nanofibers; c) an SEM image of graphene oxide-templated PAN
nanofibers; d) an SEM image of a thicker area of as-spun templated PAN nanofiber showing
wrinkled structure with crumpled graphene oxide particle; e) a TEM image of a thicker area in
carbonized templated nanofiber; f) a paper model of a graphene oxide sheet anisotropically
crumpled by radial forces inside the nanofiber during electrospinning.
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Figure 2. XRD analysis of as-spun nanofibers: a) XRD diffractograms of pristine and graphene oxide-templated PAN NFs (the dashed lines represent
the fitted peaks), b) crystallinity, and c) coherence length of PAN structure obtained from XRD analysis of pristine and graphene oxide-templated

samples.

true for graphene oxide sheets, and hence the particle size in
the charts should not be taken as the true particle size). The
DLS scans show broad bimodal size distribution and indicate
presence of relatively large particles (>100 nm), which may
affect the morphology of the electrospun nanofibers even
though the average size of the particle sample is small.

Nanofibers containing =1.4 wt% graphene oxide were pro-
duced by electrospinning. More information on nanomanu-
facturing can be found in the Experimental Section and in the
Supporting Information. Assuming that PAN would undergo
a larger weight loss than graphene oxide during oxidation
and carbonization, the weight fraction of graphene oxide in
the carbonized nanofibers would be slightly higher than this
value; however, the exact relative weight losses could not be
measured. Both PAN-based precursor and carbon nanofibers
containing graphene oxide will be referred to as graphene
oxide-“templated” nanofibers for simplicity. As controls, we also
examined pristine PAN precursor nanofibers (from a 10 wt%
solution of PAN in DMF) and the CNFs derived from them,
produced under conditions similar to those for the corre-
sponding graphene oxide-templated materials.

Figures 1b,c present the overall morphology of as-spun pris-
tine and graphene oxide templated nanofibers (NF). The NFs
containing graphene oxide were slightly thinner than the pris-
tine NFs but exhibited occasional thicker regions that appeared
to contain larger graphene oxide particles. Closer examination
of these regions (Figure 1d) revealed the presence of crum-
pled graphene oxide particles inside the PAN matrix. Such
crumpling is not unusual for exfoliated graphene sheets that
have been shown to bend and fold easily into various shapes
depending on substrate or temperature,®* and are also capable
of rolling spontaneously into scrolls under certain condi-
tions.}*) We note that graphene oxide nanoparticles have been
processed into crumpled particles by dispersing them into aer-
osol droplets whose solvents were then evaporated quickly.1>-3l
The crumpling of graphene oxide particles inside our nano-
fibers (Figure 1) could be caused by similar radial forces in
the fast-thinning electrospun jets. Nevertheless, these particles
were all still covered by PAN. The nanofiber regions with no
visible graphene oxide particles had uniform diameters with
relatively little variation between the different fibers (Figure 1c),
as opposed to a broader distribution of diameters and gener-
ally thicker nanofibers in the case of pristine NFs (Figure 1b).
Smaller diameters of the templated NFs were most likely due

Adv. Funct. Mater. 2013, 23, 5763-5770
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to higher conductivity of the polymer solution containing gra-
phene oxide.

As-spun PAN nanofibers were analyzed by wide-angle
X-ray diffraction (WAXD). The resulting X-ray diffractograms
(Figure 2a) exhibited a crystalline peak at 26 =17.4° (corre-
sponding to d-spacing of =5.1 A) and a broad amorphous halo at
approximately 20 = 26.9°, typical of semicrystalline PAN.”] The
XRD-derived crystallinity and coherence length were extracted
as described in the Experimental Section and are shown in
Figure 2b,c. While the average coherence length remained
relatively unchanged in the two types of nanofibers, the XRD-
derived crystallinity of PAN was found to decrease significantly
(by =33%) in the presence of graphene oxide nanoparticles.

The significant reduction of PAN crystallinity in the pres-
ence of graphene oxide is in contrast to the effects usually
reported for CNT-filled polymers. However, it is consistent with
the previously described large increase in PAN T, [*® which
indicates reduced macromolecular mobility as a result of strong
polymer—graphene interaction over extensive interfacial area.
We note that the surface area of graphene oxide nanoparticles
available for interaction with PAN did not necessarily decrease
with crumpling, unless the graphene oxide layers folded upon
themselves to form a tight stack. As no such stacks were
observed in the electrospun NFs, strong polymer—nanoparticle
interaction and reduced chain mobility are likely causes of
lower polymer crystallinity.

A survey of the carbon fiber literature suggests that the crys-
tallinity of PAN does not play a major role in the stabilization
and carbonization of fibers. In fact, the use of co-monomers
in the production of PAN precursors to commercial carbon
fibers usually reduces the crystallinity of PAN at the precursor-
fiber stage, yet results in carbon fibers with better structure
and properties.''"13] However, it is important that the polymer
chains within both amorphous and crystalline regions of these
precursor fibers are well-aligned along the fiber axis. Note that,
unlike the isotropic crumpling produced by evaporation-driven
shrinkage of aerosol droplets,>>3¢ the crumpling of graphene
oxide nanoparticles inside the electrospun nanofibers is ani-
sotropic (Figure 1). The clearly visible axial symmetry is most
likely the result of nanoparticle orientation by the shear forces
in the electrospun jets (the particle normal is oriented perpen-
dicularly to the jet axis) followed by radial crumpling. In this
case, the polymer chains in the vicinity of the crumpled nano-
particles can still maintain, and even further enhance, their
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Figure 3. a—c) Raman spectra of carbon nanofibers prepared from pristine PAN and graphene oxide-templated samples that have been carbonized at
a) 800 °C, b) 1200 °C, and c) 1850 °C. d) Ip/I ratios for the two sets of samples at different carbonization temperatures. e) Calculated L, values for
the two sets of samples at different carbonization temperatures. f) FWHM values of the G band for the two sets of samples at different carbonization

temperatures.

preferred alignment along the fiber axis. Simultaneously, their
reduced mobility can help preserve this alignment during stabi-
lization and carbonization.

2.2. Fabrication and Characterization of Carbon Nanofibers

Mats of the PAN-based precursor nanofibers were stabilized
in air at 270 °C and carbonized under nitrogen atmosphere at
800 °C, 1200 °C, or under vacuum at 1850 °C, with a heating
rate of 10 degrees per minute and dwell time of one hour. TEM
analysis of the post-carbonization graphene oxide-templated
CNFs (Figure le) revealed that the anisotropic crumpled mor-
phology of the graphene oxide nanoparticle was preserved
during carbonization. Selected area electron diffraction (SAED)
from the same spot did not show any 3D crystalline order, con-
firming full graphene oxide exfoliation and random nature of
radial nanoparticle crumpling, as opposed to possible more reg-
ular folding or scrolling. The anisotropic, statistically axisym-
metric nature of crumpling is clearly visible in the TEM image
shown in Figure 1e.

The Raman spectra of pristine and templated CNFs carbon-
ized at different temperatures (Figure 3a—c) show significant
differences between the two materials, as indicated by the
extracted parameters shown in Figures 3d-f. The integrated
intensities I and I¢ and the width of the G band were cal-
culated by fitting the D and G peaks using Lorentzian curve
shapes. The ratio R = Ip/Ig was originally linked by Tuinstra
and Koenigh® to the in-plane crystallite size L, (R propor-
tional to L,”!) and was subsequently widely used for this pur-
pose, 202439421 although there have been reports of this rela-
tionship breaking down for crystals smaller than 2 nm.[#44
The width of the G band is also often used as an indicator of
the level of graphitization (narrower G band indicates better

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

graphitic structure). The templated CNFs showed improved
graphitic structure as indicated by smaller R, larger L,, and
smaller FWHM (full-width half maximum) of the G band (see
Figure 3d-f). The graphitic structure significantly improved
for both groups of samples at higher carbonization tempera-
tures, with the templated samples showing greater improve-
ments. Together with the aforementioned XRD analysis of the
templated precursor nanofibers, these results clearly suggest
that the significant improvements in the graphitic structure of
the resulting CNFs were a direct consequence of the addition
of a small amount of graphene oxide nanoparticles into the
PAN nanofibers. We note that because both XRD and Raman
analyses are not localized techniques, the information that they
provide is an average of data for nanofiber bundles containing
multiple nanofilaments.

2.3. SAED Analysis of Carbon Nanofibers

The structure of pristine and graphene oxide-templated nano-
fibers carbonized at different temperatures was also examined
by SAED. For the latter set of samples, data were collected
from nanofiber regions containing visible, larger graphene
oxide nanoparticles as well as from more-uniform nanofiber
regions without visible nanoparticles. Typical two-dimensional
SAED patterns are shown in Figure 4a, along with the corre-
sponding digital intensity profiles (Figures 4b-d). Analysis of
these data further confirms that templating led to significant
improvements in graphitic structure of CNFs, as seen in the
more-pronounced and sharp (002) and (100) diffraction peaks.
The SAED patterns of both regions (those with visible gra-
phene oxide particles and those where no such particles were
observed) of the templated samples were qualitatively similar
over all carbonization temperatures, indicating the global

Adv. Funct. Mater. 2013, 23, 5763-5770
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In addition to size and quality, the orien-
tation of graphitic nanocrystals with respect
to the CNF fiber axis is a significant param-
eter governing the mechanical and trans-
port properties of carbon fibers. Crystal
orientation was examined in pristine and
templated nanofibers carbonized at 800 °C
and 1850 °C. The arc double angles for
the (002) reflections (estimated as FWHM;
see Figure 5a,b) were obtained using the
QPCED2 program®! from the calculated
azimuthal variations of the (002) reflec-
tions. As before, data were evaluated for
regions with and without visible graphene
oxide nanoparticles in templated CNFs
(Figure 5c,d). The average FWHM values
and the corresponding 95% confidence
intervals shown in Figure 5e were com-
puted based on the analysis of 5-20 scans
for each specimen type.

Analysis of the SAED data in Figure 5
suggests that all CNF specimens exhibited
preferred orientation of the (002) planes par-
allel to the fiber axis. However, the degree of
this preferred orientation, as expressed by
the (002) arc double angle, was higher in the
templated CNFs. A two-parameter factorial
analysis of the (002) double angles!*®l showed
no statistically significant difference (at o =
0.05 confidence level) between the orienta-
tion in thicker regions of the templated CNFs
(the regions with visible graphene oxide
nanoparticles) and the thinner ones (without
visible graphene oxide nanoparticles), again

1850°C
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800°C

0.0 0.2 04 0.6 0.8 1.0 00 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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Figure 4. Electron diffraction analysis of carbon nanofibers. a) Typical 2D SAED patterns for
pristine and graphene oxide-templated CNFs (in regions with and without visible graphene
oxide particles) at different carbonization temperatures. b—d) Digital intensity profiles for
b) pristine sample, c) graphene oxide-templated sample in the region with visible graphene
oxide particles, and d) graphene oxide-templated sample in the region with no visible graphene

consistent with a global templating scenario.
The graphitic nanocrystals in both regions
in the graphene oxide-templated CNFs were
more preferentially oriented along the fiber
axis than those in the pristine CNFs. Inter-
estingly, this preferred orientation was
roughly independent of the carbonization

oxide particles.

nature of the templating effect. For pristine samples, the level
of improvement in graphitic structure with the increase of car-
bonization temperature was moderate: the diffraction patterns
for samples carbonized at 1200 °C were quite similar to those
for samples carbonized at 800 °C; it is only with the 1850 °C
carbonization temperature that a marked improvement can be
seen (compare the panels in the left column of Figure 4a). In
contrast, the templated samples showed significant improve-
ment for the 1200 °C carbonization temperature and remark-
able improvement for the 1850 °C carbonization. These results
are consistent with the Raman data discussed earlier. We note
that both 1200 °C and 1850 °C carbonization temperatures in
this study are relatively low compared to typical temperatures
used to achieve high quality graphitic structures that are in the
range from 2500-3000 °C.

Adv. Funct. Mater. 2013, 23, 5763-5770
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temperature.

2.4. Discussion of Possible Mechanisms of Improvements

Not only do the aforementioned results show apparent global
improvements in the quality of the graphitic structure and its
preferred orientation in PAN-derived CNFs as a result of a small
addition of graphene oxide templating nanoparticles, they also
indicate an apparent acceleration of the graphitization process
in the presence of graphene oxide at intermediate carbonization
temperatures. These effects can be the result of axial propagation
of the templated graphitic order nucleated by the larger, visible
graphene oxide nanoparticles. Alternatively, the good graphitic
structure of the thinner, uniform regions of the templated CNFs
and the apparent global nature of improvements can be attrib-
uted to the presence of smaller graphene oxide nanoparticles
in these regions. Although there is no definitive evidence at
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believed to be closely related to improved
alignment of the polymer chains in PAN-
based precursor fibers,>#4 which consist
of oriented ordered (crystalline) and disor-
dered (amorphous) regions.*8! Because the
alignment in amorphous regions can easily
relax upon heating, before the carbonization
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begins, the fiber must be constrained if good
graphitic structure and orientation are to
be achieved.*®#] Indeed, the discovery that
constraining precursor fiber during stabiliza-
tion can improve carbon fiber properties®’
is now widely regarded as the key to high-
performance carbon fibers.*)! This constraint
prevents fast entropic shrinkage and loss of
orientation in the non-crystalline regions of
PAN fibers and results in better structure
and orientation and reduced probability of
defect formation in carbon fibers.
Interestingly, the structure and preferred
orientation of the graphitic nanocrystals

Sample 0002 Arc (FWHM °) ~ in our graphene oxide-templated CNFs

SoOse 1850°C were significantly improved in spite of the

e 8413.3 77+4.8 observed increase in the amorphous phase
Templated - visible particle 6116.6 6446.0 content and the lack of constraint during
Templated -~ no visible particle 6546.0 6445.6 stabilization and carbonization of the pre-

Figure 5. Electron diffraction analysis of orientation in carbon nanofibers. a) Example 2D SAED
pattern for pristine CNF carbonized at 800 °C showing (100) ring and (002) arc with reference
to fiber axis orientation. b) Computed azimuthal variations of the (002) scattering intensities
integrated between the two yellow concentric rings. ¢) TEM image and SAED diffraction from
carbonized graphene oxide-templated nanofiber in the area without visible graphene oxide
particles. d) TEM image and SAED diffraction from carbonized graphene oxide-templated
nanofiber in the area with visible graphene oxide particles (in both cases SAED was enhanced
for visual purposes only). €) Comparison of (002) arc double angles for carbonized pristine
and graphene oxide-templated samples in the areas with and without visible graphene oxide

particles (the £ values represent 95% confidence intervals).

this time, we believe that the latter smaller nanoparticles play
an important role as they are the primary particles present in
the nanofibers (the DLS particle size distribution in Figure 1a
shows that graphene oxide particles larger than 100 nm repre-
sent just the tail of the broad distribution). As the electrospun
jets thin down, these smaller particles are likely to experience
similar orientation and crumpling forces, resulting in multiple
radially crumpled smaller nanoparticles distributed within the
CNFs (the crumpling process is complex and depends on the
peculiarities of inhomogeneous solvent evaporation and flow
profiles in electrospun jets;*’! however, that should not affect
the overall crumpling tendency and axial symmetry). These dis-
tributed nanoparticles may then be responsible for the observed
near-uniform CNF templating evidenced by SAED. Together,
our XRD, Raman, and SAED data clearly indicate that the global
templating of graphitic structures in electrospun nanofibers is
possible with a small quantity of graphene oxide nanoparticles.
This observation is consistent with large changes in structure
and properties of graphene nanocomposites observed at very
low graphene contents.?’-32

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cursor nanofibers. (Recall that XRD analysis
of templated PAN nanofibers showed sig-
nificant crystallinity reduction; the crystalli-
zation of PAN was most likely disrupted by
strong polymer interaction with the irregu-
larly shaped, crumpled graphene oxide par-
ticles.) We speculate that “anchoring” (i.e.,
attachment via strong interaction) of polymer
chains on the surface of graphene oxide
nanoparticles could play a role similar to
the traditional mechanical constraint (usu-
ally applied through stretching). This anchoring may prevent
polymer shrinkage and loss of alignment at the beginning of
the stabilization process. The irregular crumpled shape of the
graphene oxide template might further help the anchoring via
mechanical interlocking.

It is interesting to note that, in addition to the possible
beneficial role that graphene oxide plays in polymer chain
anchoring, the irregular shape of the radially crumpled sheets
closely matches the popular model of the high-strength carbon
fiber structure,l'**! which consists of irregular, longitudinally
wrinkled turbostratic graphitic stacks with preferred axial ori-
entation. A special agitation method during fiber spinning was
developed to achieve this preferred randomized folded tur-
bostratic structure due to its beneficial effects on properties.>?
In this sense, the oriented crumpled graphene oxide particle
geometry seen in Figure 1 may represent a useful natural tem-
plate to achieve a similar high-strength carbon fiber structure
in either conventional microfibers or electrospun continuous
nanofibers under simplified, more economic manufacturing
protocols. In addition, the crumpled graphene oxide particles

Adv. Funct. Mater. 2013, 23, 5763-5770
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may provide multiple nucleation sites for graphitic crystal
growth during carbonization, especially because the carbon
atoms along the crumpled folds are more reactive.>354

The use of nanocarbon templating may also open up an
intriguing possibility of improving graphitic order and preferred
orientation in carbon fibers without increasing the amount and
size of voids. During carbonization at high temperatures, larger
voids in carbon fibers can form as growing ordered graphitic
regions “consume” their neighboring disordered regions.>%>’
These voids are detrimental to fiber strength and perhaps are
the main reason for the classical modulus-strength trade-off
in highly graphitic carbon fibers. Void formation in the nano-
carbon-templated micro- and nanofibers can be reduced as the
graphitic structure evolution progresses via continuous growth
in the direction perpendicular to the nanoparticle surface.
Other void-formation mechanisms, such as inadequate oxygen
diffusion or entrapment of gaseous products during stabiliza-
tion and carbonization of conventional microfibers, will be fur-
ther alleviated in CNFs due to ultra-small nanofiber diameters.
Better graphitic structure and orientation with fewer voids
should then lead to simultaneous improvements in modulus,
transport properties, and strength of carbon NFs.

3. Conclusions

The incorporation of a very small amount of graphene oxide
nanoparticles into PAN matrix was shown to have several bene-
ficial effects on the graphitic structure and preferred orientation
of the CNFs formed from the resulting composite nanofibers.
While our experimental results indicate that the templating
occurs “globally” throughout the whole fiber structure, more
studies are needed to further understand and manipulate the
templating effect as a function of the weight fraction of the gra-
phene oxide nanoparticles, their size distribution and surface
chemistry defining the level of graphene oxide interactions with
the PAN chains, and the electrospinning process parameters,
which control the nanofiber diameters, the degree of nanopar-
ticle crumpling and orientation, and the polymer chain orien-
tation. If the templating effect can indeed be controlled and
tuned, our strategy can provide an inexpensive route to con-
tinuous carbon nanofibers with greatly improved structure and
properties. The proposed templating methodology should be
highly economical as it utilizes inexpensive templating addi-
tives, an efficient top-down nanomanufacturing process, and
relatively low carbonization temperatures.

4. Experimental Section

Electrospinning of Nanofiber Mats and Subsequent Carbonization:
Nanofibers were electrospun from a (10/0.14 wt%/wt%) dispersion of
PAN/graphene oxide in dimethylformamide (DMF) at 12 KV over a 20 cm
spinneret-collector distance, using a 0.6 mL h™' feed rate and a 20 gauge
needle. Mats of the PAN-based precursor nanofibers were stabilized in air
at 270 °C and carbonized at three different temperatures: under nitrogen
atmosphere at 800 °C and 1200 °C, or under vacuum at 1850 °C, with a
heating rate of 10° min~' and dwell time of 1 h in all cases.

X-Ray Diffraction: As-spun nanofibers were analyzed by XRD using a
Rigaku Multiflex X-ray diffractometer with Cu Ko radiation in the range
of 20 between 10 and 50 degrees. After removing the background, the
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crystalline peak and the amorphous halo were fitted using Lorentzian
peak shapes. The XRD-derived polymer crystallinity was evaluated by
dividing the area under the crystalline peak by the total area under the
curve. The coherence length (in A) was calculated from the width of the
main crystalline peak, using the Scherrer equation:

cL - Kao _ 09x1.542
Beosé /(FwHM?—0002%)cos0

where shape factor K was taken as 0.9, A is the standard wavelength
for a copper source (in A), 0.002 is the instrumental peak widening
calculated based on a single crystal Si standard, 6 is the Bragg angle for
the crystalline peak, and the FWHM is measured in rad.

Raman Spectra: Raman spectroscopic analysis was carried out at
the University of Nebraska-Lincoln. First-order Raman spectra (1000—
2000 cm™') at 1.67 cm™' step were obtained, using an inVia Raman
microscope from Renishaw with a 514 nm laser as an excitation source.
D (1335-1350 cm™) and G (1565-1585 cm™') bands were fitted using
Lorentzian curve shapes, and the integrated intensities Iy and Ig and the
width of G bands were calculated. Measurements were performed at five
different locations on each fiber mat, from which average and standard
deviation values were calculated.

Select Area Electron Diffraction: SAED patterns were collected at the
University of Nebraska-Lincoln using a JEM 2010 transmission electron
microscope from JEOL. At least 5 CNFs were examined for each type
of material, carbonization temperature, and the nanofiber region. Data
analysis was carried out using the QPCED2 software,*’] and the digital
intensity profiles were computed by a 360° azimuthal integration of the
2D image. The arc double angles were obtained from the calculated
azimuthal variations of the (002) reflections.
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