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R
ecent discoveries of new nanocarbon
allotropes1 and subsequent demon-
strations of superiormechanical prop-

erties for two of these allotropes, carbon
nanotubes (NT), and graphene, have raised
hopes for new structural materials with
extraordinary mechanical performance.
However, after two decades of intensive
research, a viable carbon nanotube-rein-
forced supernanocomposite, defined as a
bulk composite with properties exceeding
the properties of existing advanced com-
posites,2,3 is yet to be demonstrated. The
problems are well-documented and include

difficulties with NT dispersion, NT alignment,
achieving a high volume fraction of NT, and
optimizing stress transfer to NTs. It is still
difficult to make a high-quality NT�polymer
composite with a volume fraction of nano-
tubes higher than a few percent.1 As a result,
most current and projected near-term appli-
cations of nanotube composites appear
to rely on the thermal and electrical proper-
ties of NTs rather than their mechanical
superiority.1,4

The situation is only slightly better for NT-
reinforced fibers. Fibers are ideally suited for
nanoreinforcement because of their small
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ABSTRACT Carbon nanotubes are being widely studied as a

reinforcing element in high-performance composites and fibers at

high volume fractions. However, problems with nanotube proces-

sing, alignment, and non-optimal stress transfer between the

nanotubes and surrounding matrix have so far prevented full

utilization of their superb mechanical properties in composites.

Here, we present an alternative use of carbon nanotubes, at a very

small concentration, as a templating agent for the formation of

graphitic structure in fibers. Continuous carbon nanofibers (CNF) were manufactured by electrospinning from polyacrylonitrile (PAN) with 1.2% of double

wall nanotubes (DWNT). Nanofibers were oxidized and carbonized at temperatures from 600 �C to 1850 �C. Structural analyses revealed significant
improvements in graphitic structure and crystal orientation in the templated CNFs, with the largest improvements observed at lower carbonization

temperatures. In situ pull-out experiments showed good interfacial bonding between the DWNT bundles and the surrounding templated carbon matrix.

Molecular Dynamics (MD) simulations of templated carbonization confirmed oriented graphitic growth and provided insight into mechanisms of

carbonization initiation. The obtained results indicate that global templating of the graphitic structure in fine CNFs can be achieved at very small

concentrations of well-dispersed DWNTs. The outcomes reveal a simple and inexpensive route to manufacture continuous CNFs with improved structure and

properties for a variety of mechanical and functional applications. The demonstrated improvement of graphitic order at low carbonization temperatures in

the absence of stretch shows potential as a promising new manufacturing technology for next generation carbon fibers.

KEYWORDS: continuous carbon nanofibers . double-wall carbon nanotubes . carbonization templating . graphitic structure .
molecular dynamics simulations
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(micrometer) diameter. Polymer fibers are highly
aligned and their processing methods can naturally
lead to high NT alignment. Numerous researchers
have manufactured and studied NT-reinforced poly-
mer fibers (see, for example refs 5�10). However,
solution-, gel- or melt-spun fibers still usually suffer
from the general problems of the NT composites
mentioned above. As a result, only slight improve-
ments in mechanical properties were typically
reported, while sometimes the reinforcing effects were
negative.6

Perhaps recognizing the above processing pro-
blems, several new manufacturing techniques have
been developed to produce neat or near-neat NT fibers
and yarns. These include spinning from surfactant-
stabilized NT solutions with subsequent coagulation
in polymer solution flow,11�13 superacid solution
spinning,14,15 direct solid-state spinning from NT aero-
gels formed in the chemical vapor deposition (CVD)
reactor,16�18 solid-state spinning from vertically grown
NT arrays or forests,19�25 and twist-stretching CVD-
grown NT ribbons.26 Often, the resulting fibers and
yarns were further impregnated with polymers or
otherwise densified and postprocessed. These high
NT-fraction yarns and fibers are usually very light-
weight (highly porous), even after densification. Such
fibers demonstrated ultrahigh specific toughness and
some also demonstrated high strength.26 However,
neat NT fiber strength and stiffness values achieved
to date, even when calculated per NT content (i.e.,
ignoring voids in the fiber cross-section), still remain
significantly lower than the strength and modulus of
commercial carbon fibers, and far below the property
levels of NT themselves. The highest reported strength
values in the references above11�26 range from 8% to
about 45% of the strength of the best commercial
carbon fibers. Key reasons cited for the low valueswere
poor stress transfer between the NT bundles in the
yarns and nonoptimal hierarchical yarn architecture. It
was shown, for example, that poor stress transfer was
responsible for the total energy stored in NT being only
a few percent of the maximum possible energy in the
bundles.26

Neat graphene and graphene oxide (GO) fibers were
also recentlymanufactured.27,28 Mechanical properties
of these early samples were relatively low. These
properties will undoubtedly improve with more
research; yet, high volume fraction graphene and GO
fiberswill likely face someof the same challenges faced
by the NT fibers.
Better fundamental understanding of the complex

multiscale mechanisms of deformation and failure in
NT materials26,29 will lead to qualitative improvements
and new design and manufacturing methodologies.
However, full utilization of superb intrinsic properties
of nanocarbons in bulk structural materials may be
further away now than it seemed a decade ago.1

An alternative way to use nanocarbons in structural
materials may be to utilize them in small quantities as
catalysts, nuclei, or “templates,” for directed crystal-
lization or other structural transformations. Such
applications would utilize the ultrahigh specific surface
area of NTs or graphene/graphene oxide and their
potential strong interactionwith surroundingmaterials.
These templated materials could also be economically
viable as the relatively expensive nanocarbons would
be utilized in low quantities and their dispersion and
processing would be significantly easier than in the
case of high volume fraction materials. Strong nano-
carbons could potentially deliver synergistic simulta-
neous structural improvements and reinforcement.
Carbon nanotubes have been shown to improve

crystallization and chain orientation in polypropylene
and polyacrylonitrile (PAN) fibers.5,6,30 Graphene�
polymer nanocomposites show dramatic reduction
in the glass transition temperature and improved
mechanical properties at low graphene content.31,32

However, as pointed out in ref 1, from the standpoint
of structural materials, adding graphene platelets to
polymers is not a transformational application, it is
an incremental improvement, however considerable.
Ultralow volume fraction polymer nanocomposites
cannot compete with advanced composites, such as
carbon-epoxy.
An intriguing opportunity to achieve a more signifi-

cant property change presents itself in carbon materi-
als, particularly carbon fibers. Carbon fibers are the
strongest commercial material today and they dom-
inate the advanced composites market. After four
decades of development, their property levels appear
to have reached saturation. Modern efforts are mostly
focused on improved quality control and cost reduction.
However, the incorporation of NTs or graphene into
carbon fibers might change the carbon structure and
further improve properties. Nanocarbons are ideally
suited as both reinforcement and possible structural
change agent for carbon fibers. Incorporation of NTs in
carbon microfibers has been shown to result in im-
proved graphitic order and mechanical properties.33�35

However, good nanotube orientation is difficult to
achieve in fibers with micrometer-size diameters. The
reported properties of the NT-modified fibers33�35 are
still lower than the properties of commercial fibers.
Carbon nanofibers (CNF) are finding increasing use

in a broad variety of nanotechnology applications.36,37

Continuous carbon nanofibers can be produced
by carbonization of electrospun polymer precursors.
Top-down electrospinning is inexpensive and, unlike
synthetic bottom-up processes, it produces continu-
ous (endless) nanofibers. Such continuous nanofibers
are readily available as reinforcement in structural
composites.2 Unfortunately, the carbon nanofibers
produced to date were characterized by a relatively
poor graphitic structure.38 It is well-known that improved
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graphitic order in carbon fibers is needed for higher
elasticmodulus and thermal and electrical conductivity.
A degree of graphitic order and, particularly, preferen-
tial axial orientation, is also needed for higher carbon
fiber strength. In this regard, CNFs are ideally suited
for carbon templating. The high aspect ratio of CNFs
increases nanoparticle alignment. In addition, if nano-
inclusions are well-distributed over the length and
within the cross-section of the nanofiber, they may
initiate a global templating effect as most regions
within the nanofiber will be in close proximity to
inclusions.
NTs have been incorporated in electrospun nano-

fibers39�43 and graphitic growth in the vicinity of
nanotubes was demonstrated before.42,43 Most earlier
studies, however, were performed with multiwall car-
bon nanotubes (MWNTs) and the resulting CNF quality
was generally poor.39�41,43 MWNTs are more difficult
to disperse and they generally have lower specific
surface area. Outside the localized HRTEM observa-
tions of graphitic growth near MWNT surfaces,42,43

there has been no systematic study of the extent and
magnitude of graphitic templating using nanocarbons
in CNFs.
Here we performed a coordinated experimental

and theoretical study to explore themagnitude, extent,
and mechanisms of graphitic structure evolution in
double-wall carbon nanotube-templated CNFs. The

same DWNTs as the ones used in the recent study of
nanotube fibers with high NT content26 were utilized
(note that these tubes are normally present as bundles).
CNFs with a small quantity of DWNTs were nanomanu-
factured by electrospinning, and their structure was
characterized by a variety of methods. Interfacial shear
strength between DWNT bundles and surrounding
templated carbon was evaluated experimentally in situ.
Initial stages of the templated carbonization process
were modeled using molecular dynamics simulations
on two limiting nanocarbon particle geometries. The
results were analyzed and discussed in the context of
commercial carbon fiber manufacturing and structure,
and it was shown that well-dispersed and well-aligned
carbonnanotubes canguidepolymer chain orientation,
while also providing an anchor to the polymer chains
during carbonization. Theglobal natureof theobserved
improvements in the graphitic structure and orienta-
tion in the templated CNFs shows promise as a future
carbon fiber manufacturing technology.

RESULTS AND DISCUSSION

Nanofiber Morphology and NT Distribution. Figure 1 panels
a and b show the overall morphology of as-spun
PAN and 1.2% DWNT/PAN nanofibers. As can be
seen, both pristine PAN and 1.2% DWNT/PAN samples
exhibited reasonably uniform, good quality nanofibers
with similar diameter distributions (Figure 1c). The

Figure 1. CNF morphology and DWNT distribution: SEM micrograph of electrospun PAN (a) and 1.2% DWNT/PAN
(b) nanofibers; (c) diameter distributions for pristine PAN and 1.2% DWNT/PAN samples (as measured from approximately
200 fibers); (d) TEMmicrograph of a broken edge of CNF with NT bundles; (e) SEMmicrograph of the fracture surface of CNF.
The pulled out DWNT bundles seemed to have uniformdistribution along the length andwithin the cross section of the CNFs.
(f) Length coverage (LC) of nanotube bundles in PAN nanofibers for different bundle and fiber diameters;the average fiber
diameter measured for this sample was 360 nm and the typical bundle diameter measured was 16 nm (the corresponding
point is circled).
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diameter distribution for the 1.2% DWNT NFs was
slightly broader (after measuring approximately 200
fibers in each sample) and had a small large-diameter
peak that was absent in the pristine NF sample. To
examine the DWNT distribution within the nanofibers,
a carbonized templated nanofiber mat was broken
and examined by scanning and transmission electron
microscopies (SEM and TEM). In nearly all of the several
tens of fracture sites imaged, the cross sections of the
nanofibers contained a few pulled out DWNT bundles
(see Figure 1d,e). As seen in the Figure, the DWNT
bundles were well aligned along the CNF axis.

Most CNF cross sections showed several fine DWNT
bundles that appeared evenly distributed within the
cross section (Figure 1e) while some exhibited slightly
thicker bundles (Figure 1d). Good DWNT distribution
and alignment within the CNFs correlate with their
good dispersion in the solution used in electrospin-
ning. The latter appears to be enhanced by the pre-
sence of organic functional groups on the surfaces of
DWNT bundles and their favorable interaction with
PAN molecules.

To determine whether or not the DWNT bundles
covered the entire length of all nanofibers produced by
electrospinning, we performed a theoretical calcula-
tion to estimate the length coverage, LC, of the DWNT
bundles. We define the length coverage as the ratio
of the total length of the nanotubes to the total length
of the nanofibers. Therefore, LC > 1means that there is
on average more than one bundle of nanotubes per
cross-section of the fiber. The LC of the precursor PAN
nanofibers can be estimated as

LC ¼ wtCNT
wtPAN

� DPAN

Dbundle

� �2

� FPAN
Fbundle

whereDPAN,Dbundle, FPAN, and Fbundle are the diameters
and mass densities of the PAN nanofibers and the
DWNTbundles, respectively (FPAN = 1.2 g/cm3, Fbundle =
1.575 g/cm326). Figure 1f shows the expected LC for
different bundle and fiber diameters. The estimated
LC for the observed average bundle diameter of 16 nm

and average fiber diameter of 360 nm is ∼4.68. Given
the thermal stability of CNTs and their encapsulation in
nanofibers, the length coverage is expected to remain
the same during the carbonization process (as can
be seen from the micrographs, e.g., Figure 1d,e, the
nanotube bundles survived the carbonization process
intact). Therefore, every given cross section of the
bundles can be expected to be reinforced, on average,
by a fewbundles. This simple analysis is consistent with
the fractographic investigations of CNF breaks.

Graphitic Templating at Low Carbonization Temperature. To
understand the influence of polymer precursor on the
CNF structure, as-spun nanofibers were analyzed by
X-ray diffraction. Resulting diffractograms are shown
in Figure 2a. The spectra exhibited a crystalline peak at
2θ ≈ 17.4� and a broad amorphous halo at approxi-
mately 2θ≈ 26.9�, typical of semicrystalline PAN. Note
that diffraction from the small amount of DWNT is not
detectable under the measurement conditions. The
backgroundwas removed and the PAN crystalline peak
and the amorphous halo were fitted using Lorentzian
peak shapes. The polymer crystallinity was evaluated
by dividing the area under the crystalline peak by the
total area under the curve. The coherence length (CL,
i.e., “crystal size”) was calculated from the width of the
main crystalline peak, using the Scherrer equation:

CL (Å) ¼ Kλ

β cos θ
¼ 0:9� 1:542ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(fwhm(Rad)2 � 0:0022) cos θ
p

where shape factor (K) was taken as 0.9, the λ is the
standard wavelength for a copper source, 0.002 was
the instrumental peak widening calculated based on a
single crystal Si standard, and θ is the Bragg angle for
the crystalline peak. The results shown in Figure 2b
indicate that both X-ray diffraction (XRD) crystallinity
and average crystal size of PAN decreased in the
presence of DWNTs.

Reduction of PAN crystallinity in the presence of
DWNT can be explained by the reducedmacromolecular
mobility as a result of strong polymer�NT interaction,
which has been observed by other researchers.44�46

Figure 2. XRD analysis of as-spun nanofibers: (a) XRD diffractograms of neat PAN and 1.2% DWNT/PAN nanofibers;
(b) computed XRD crystallinity and crystal size for neat PAN and 1.2% DWNT/PAN.
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PAN crystallization could also be disrupted by the NT
bundles. Reduced crystallinity results in a larger fraction
of disordered or amorphous polymer chains that need
to be constrained during stabilization and carboniza-
tion in order to achieve a well-ordered structure in the
carbon fibers.

The graphitic structure of CNFs carbonized at 800 �C
was investigated by XRD and Raman spectroscopy.
First order Raman spectra of pristine and templated
CNFs are shown in Figure 3a. The spectra exhibited
typical behavior for carbon materials,42 with a D band
around 1358 and 1354 cm�1, and G band around 1579
and 1572 cm�1 for the pristine and the 1.2% DWNT
samples, respectively. The spectra show a significant
difference in relative peak intensities as a result of
the templating effect using a small amount of DWNT.
Raman spectrum of the 1.2% DWNT sample showed a
pronounced G band, which was significantly stronger
and sharper than the one from the pristine CNFs. The
spectra for the templated CNFs were compared to
the Raman spectra from uncarbonized PAN/DWNT
samples (not shown). The uncarbonized samples ex-
hibited a low wavenumber shoulder in the G band as
well as a general shift in the G band toward higher
wavenumbers (to approximately 1592 cm�1) and sig-
nificantly smaller full width at half-maximum (fwhm)
of the G band. These features are characteristic of a
Raman signal from DWNT47,48 and are not noticeable
after carbonization, indicating that the signal from
the newly formed, less perfect graphitic structures
dominated the templated CNF spectrum.

The D and G bands of the carbonized samples were
fitted using Lorentzian curve shapes and the inte-
grated intensities, ID and IG, and the width of G band
were calculated. For every nanofiber mat, an average
value and standard deviationwere calculated based on
measurements at five different locations on the mat.
Crystal structure parameters were formally extracted
using the approach proposed in ref 49. The extracted
parameters are shown in Table 1. The 1.2% DWNT
CNF sample showed improved graphitic structure as

indicated by the smaller ID/IG ratio and lower fwhm
of the G band (see data provided in Table 1). Note,
however that the spectrum for the DWNT-templated
NFs included the intrinsic nanotubes' contribution
that, although expected to be small, could not be
separated from the overall signal of the templated CNF.

CNFmats carbonized at 800 �C were also examined
by XRD in the range between 2θ = 10 and 60�
(Figure 3b). The diffractions showed broad 002 and
100 peaks, which became sharper for the 1.2% DWNT
sample, indicating improvement in the graphitic struc-
ture. The calculated 002 spacings for both pristine and
templated CNFs (Table 1) were typical for turbostratic
graphite.

The crystal structure of graphite was characterized
by the crystallite sizes denoted as Lc and La. Lc corre-
sponds to the average crystal size perpendicular to the
graphene basal planes and was calculated from the
width of the 002 peak, using the Scherrer equation,
while La corresponds to the average in-plane crystal
size andwas calculated from thewidth of the 100 peak.
Analysis of the results shown in Table 1 indicates that
while the Lc remained similar for both pristine PAN
and 1.2% DWNT samples (∼1 nm) and comprised 3�4
graphene layers, the La increased by almost a factor of
2 for the 1.2% DWNT sample to approximately 2.9 nm.
The latter was only 25% less than the corresponding
crystal size reported for the commercial carbon fiber
T-300.50 The XRD results were consistent with the
Raman data.

XRD and Raman analyses of carbonized nanofibers
indicate significant changes in the structure of CNFs as

Figure 3. Structural analysis of CNFs carbonized at 800 �C: (a) Raman spectra showing significantly enhanced G band for the
1.2% DWNT sample; (b) XRD spectra for pristine PAN and 1.2% DWNT samples.

TABLE 1. Summary of Crystal Properties Extracted from

XRD and Raman Spectra

XRD Raman

sample Lc (Å) La (Å) d002 (Å) ID/IG G band fwhm (cm�1) La (Å)

pristine PAN 10.0 16.3 3.53 3.53 ( 0.29 110.1 ( 2.5 12.5
1.2% DWNT 10.6 28.9 3.55 1.76 ( 0.73 49.1 ( 5.4 25
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a result of small addition of DWNT. A comparison with
the results from the as-spun polymer NFs suggests
that the oriented polymer chains in the extensive
amorphous PAN phase most likely were internally
constrained via strong interactions with the DWNT
bundles. These polymer chains were originally oriented
by the strong extensional forces in the electrospun
jets as well as by interacting with well-oriented
DWNTs. However, if unconstrained, these chains
would quickly lose their orientation via entropic
shrinkage upon heating, resulting in poor graphitic
structure. Such shrinkage is normally prevented dur-
ing carbon fiber manufacture by applying an external
stretch during stabilization and carbonization. As
no such stretch was applied to the nanofibers in the
case studied, the observed significant improvement
of graphitic structure in the templated CNFs serves
as an indicator of an internal constraint in the tem-
plated system. Such a constraint could be provided
by anchoring polymer chains on the axially oriented
surface of carbon nanoinclusions. Reduced polymer
shrinkage and nanotube-promoted formation of a
condensed aromatic ladder structure during stabiliza-
tion of the NT-containing PAN fiber were also noted in
refs 40,44 and 51.

Note that both Raman analysis and XRD are not
localized and produce average information for nanofi-
ber mats containing a large quantity of nanofilaments.

Selected Area Electron Diffraction (SAED) Analysis of Graphitic
Structure Orientation. It is well-known that orientation of
graphitic planes is crucial for good mechanical and
other properties of carbon fibers. Our previous analysis
of polymer and carbon nanofibers showed that their
structural orientation can change as a function of
nanofiber diameter. Therefore, the effect of nanofiber
diameter on structure of individual DWNT-templated
CNFs was investigated.

Pristine PAN and 1.2% DWNT nanofibers carbo-
nized at 800 �C were examined in a TEM and their
graphitic crystal orientation was evaluated based on
electron diffraction. A typical 2D SAED pattern exhi-
biting 100 and 002 reflections is shown in Figure 4a.
A single crystal would result in discrete points on the
pattern indicative of the crystal spacing and orienta-
tion, while polycrystalline sample with randomly
oriented crystallites would produce full rings. An arc
indicates a polycrystalline structure with preferred
orientation of the corresponding crystal plane perpen-
dicular to the direction of the arc's maximum intensity.
Analysis of the 100 rings corresponding to a family of
planes perpendicular to the graphene basal planes
showed weak azimuthal variation of intensity which
might be the result of an anisotropic crystallite shape
coupled with preferred orientation. The average inten-
sity of the 100 reflections was weak and not analyzed
in this paper. The 002 reflections, which correspond to

Figure 4. Selected area electron diffraction analysis of carbon nanofibers: (a) typical 2D SAED pattern; (b) azimuthal variation
of scattering intensity for the 002 reflectionproducedby integrating the intensity of the SAEDpatternbetween the concentric
yellow circles; (c) TEMmicrograph and SAED patterns from carbonized DWNT/PAN nanofibers in the areas with (top left) and
without (right and bottom left) visible DWNT; (d) variations of 002 arc double angles with nanofiber diameter for carbonized
pristine PAN (blue diamonds) and 1.2% DWNT sample from the areas with (full red squares) and without (empty red squares)
visible NT bundles. Scale bars on panel c are 200 nm.
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graphene basal planes, consisted of two pronounced
arcs. This indicates that the graphitic crystals had a
preferred orientation along the fiber axis. The corre-
sponding azimuthal intensity variations, computed
using the QPCED2 program,52 are shown in Figure 4b.
The width of the peaks, as illustrated in Figure 4b,
indicates the degree of crystal alignment;a randomly
oriented sample would have a constant intensity over
the 360� angle, while a sample with highly oriented
crystals would have sharp peaks and smaller arc angles.

Preferred orientation of the 002 planes along
the nanofiber axis is clearly visible. The degree of this
orientation, as expressed by the 002 arc double angle
(from the fwhm of the peaks), was computed and
plotted for the two samples as a function of nanofiber
diameter (see Figure 4d). In the case of 1.2% DWNT
templated CNFs, graphitic crystal orientation was ex-
amined both near the broken ends of the nanofibers
with visible protruding nanotube bundles and in the
areas of nanofibers where there were no visible nano-
tubes (Figure 4c).

As can be seen, there is a significant systematic
improvement in graphitic crystal orientation in the
DWNT-templated sample compared to the pristineCNFs.
The orientation remained relatively constant irrespective
of the nanofiber diameter for the templated sample,
as opposed to the observed gradual improvement in
crystal orientation with the reduction of diameter of
pristine CNFs.

The fact that orientation is improved and appeared
independent of CNF diameter is significant. Graphitic
orientation is directly linked to carbon fiber modulus
and conductivity. As mentioned above, a degree
of orientation is needed for carbon fiber strength.
Orientation in carbon fibers is achieved by creating
and maintaining polymer chain orientation through-
out the stabilization and carbonization process.
Analysis of Figure 4d indicates that polymer chain
orientation in pristine NFs increased as their diameter
decreased. This is consistent with the extensive rele-
vant data in the literature and our own analysis of
numerous polymer NFs. Comparison with the behavior
of the templated CNFs (Figure 4d) shows that the
DWNTs further significantly increased initial polymer
chain orientation (indicated by the dramatically im-
proved graphitic orientation) and also made it less
dependent on nanofiber diameter. The latter finding
has a potential to relax the small diameter requirement
for the high CNF properties that can have important
manufacturing implications, as it is easier to produce
larger diameter nanofibers.

Also significant is the fact that polymer chain
orientation in the templated NFs translated into an
improved carbon orientation without external stretch
during CNF stabilization and carbonization. As men-
tioned earlier, the latter is considered paramount in
commercial carbon fiber manufacturing. Its function

is to freeze polymer orientation and prevent entropic
shrinkage and loss of orientation in the disordered
polymer regions during thermal treatment. Analysis of
the SAED data provides additional argumentation for
the hypothesis that, in the templated system, an inter-
nal constraint created by anchoring of polymer chains
on the surface of oriented DWNTs has replicated, at
least in part, the effect of external stretch. This may
have important implications on CNF manufacturing by
relaxing or even eliminating the stretch requirement
during CNFs processing. The latter will be especially
beneficial for the cases when stretch is difficult or
impossible to apply. Examples of such cases include
random or multidirectional layered NF systems and
various 3D CNF architectures created by integrated
single-step nanomanufacturing processes.36

Finally, analysis of graphitic plane orientation data
from templated CNFs (Figure 4d; see filled and empty
red squares) suggests that the DWNT templating effect
was global, at least down to the NF diameters of
approximately 100 nm. This may be the result of
axial propagation of the templated graphitic growth
nucleated by DWNTs or simply the consequence of
good DWNT length coverage and the fact that most
CNF cross sections contained one or several DWNT
bundles. We believe that the latter is a more likely
explanation. This argument is supported by the anal-
ysis in Figure 1f. Note that the length coverage index,
LC, reduces with the decrease of CNF diameters. Local
absence of NT can be the reason for several high
data points in Figure 4d for the ultrafine CNFs from
the areas without visible DWNTs (an indirect indica-
tion of the link between the observed templating
extent and DWNT length coverage). It is worth noting,
however, that the length coverage can be easily
optimized by controlling DWNT concentration and/or
bundle diameter. We point out that excellent solution
dispersibility of DWNT in PAN/DMF and good resulting
distribution ofDWNTs in the electrospunNFs couldbe at
least partially due to the beneficial organic sizing of the
DWNTs produced by the floating catalyst CVDmethod.26

Our experience with other NT systems often produced
lower quality dispersions and nanofibers.

Overall, the combination of XRD, Raman, and SAED
analyses indicates significant and global graphitic
templating in the electrospun continuous CNFs con-
taining 1.2% DWNT that were carbonized at very low
temperature of 800 �C.

Effect of Carbonization Temperature. Carbonization tem-
perature is known to be an important parameter
affecting the final graphitic structure of manufactured
carbons. Raman spectra for CNFs carbonized at differ-
ent temperatures were collected and analyzed. The
results are presented in Figure 5a,b. It is clear that the
1.2% DWNT samples exhibited better graphitic struc-
ture (as indicated by significantly reduced ID/IG ratio
and G bandwidth) for all carbonization temperatures.
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As expected, the graphitic structure of CNFs improved
with the increase of carbonization temperature for
both pristine and templated CNFs. However, it is seen
that the improvement was significantly accelerated
by the presence of DWNTs. Analysis of temperature
variations of the extracted structural order parameters
(Figures 5c,d) shows that the largest templating effect
(difference between structures of templated and non-
templated sample) was achieved at lower carboniza-
tion temperatures. The templating effect reaches the
maximum at around 1000 �C. The level of graphitic
order achieved in the templated system carbonized at
1000 �C is comparable to or better than the order in the
pristine system carbonized at 1850 �C.

The above findings are significant. The increasing
of carbonization temperature is a common method of
improving graphitic structure of carbon materials and
fibers. It has been successfully used to improve the
graphitic structure of CNFs by graphitizing them at
temperatures up to 3000 �C.53 However, high tempera-
ture graphitization is expensive. The cost of the high-
temperature post-treatment required to achieve high
mechanical properties of the first commercial high-
performance carbon fiber, Thornell by Union Carbide,54

was a competitive disadvantage that eventually drove
it out of the market. One of the main advantages of

PAN-based carbon fibers is that their structure and
graphitic order can be controlled by applying stretch
at much lower temperatures, eliminating the need for
high temperature post-treatment. Further reduction
of carbonization temperature is always desirable and
will further reduce the cost of carbon fiber production.
Our overall data indicates that DWNT templating
may simultaneously relax the stretch requirement and
provide significant structural improvements at lower
carbonization temperatures. Better graphitic structure
and orientation are likely to result in better mechanical
properties. Coupled with the possibility of achieving
better structure in CNFs of larger diameters (based on
recorded diameter independence of the orientation in
templated CNFs discussed above) and further building
on the general low cost of the top-down nanofiber
manufacturing by electrospinning,36 our results open
up attractive new route for controlled ultralow-cost
nanomanufacturing of high quality CNFs.

Analysis of Interfacial Interactions. Interfacial bonding
is known to be very important for proper utilization
of reinforcements with high mechanical properties in
composites. The reinforcing effect of nanotubes at
such a low volume fraction in the templated CNFs is
not expected to be dramatic. However, their interfacial
bonding is still important. A poor quality interface

Figure 5. Analysis of the effect of carbonization temperature: (a) Raman spectra of the carbonized pristine PAN sample for
different carbonization temperatures; (b) Raman spectra of the carbonized 1.2% DWNT sample for different carbonization
temperatures; (c) ID/IG ratio as a function of carbonization temperature for both samples. The ratio is inversely proportional to
in-plane graphitic crystal size La; (d) fwhm of G band as a function of carbonization temperature for both samples. Smaller
bandwidth indicates better graphitic structure.
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between the nanotubes and the surrounding carbon
matrix can introduce defects. In the absence of suffi-
cient shear interaction in an aligned system, the DWNT
bundles in CNFs will act as cylindrical voids that
will adversely affect both modulus and strength.26,55

To better understand the shear interaction between
DWNT bundles and the templated carbonmatrix of the
CNFs, we performed a series of mechanical experi-
ments in situ in an SEM. The goal of these experiments
was to pull partly embedded, partly exposed DWNT
bundles out of the CNFs to determine the interfacial
shear strength between the two components.

The experimental setup is schematically shown in
Figure 6a. A DWNT bundle, which has been pulled out
from a CNF during nanofiber fracture was attached to
an AFM cantilever. The latter served as the load sensor.
The positioning of the CNF and AFM cantilever was
facilitated by use of a nanomanipulator within an SEM
chamber for visualization purposes. The pulled out
DWNT bundle was attached to the AFM cantilever by
e-beam induced Pt deposition. Subsequent to the
bundle welding to the AFM cantilever, the CNF was
pulled away from the AFM cantilever, thus a tensile
axial load was developed in the bundle which tended
to pull the bundle out of the CNF. The deflection of
the AFM cantilever was recorded as a measure of the
force in the bundle and the total interfacial shear force
between the bundle and the CNF. Sequential images
from a pull-out experiment are shown in Figure 6b.

In the experiment shown in Figure 6b, the DWNT
bundle failed near the cantilever tip, at a true strength
of ∼10.3 GPa, without any detected shear failure
between the bundles and the carbonized PAN, which
points to strong shear interactions between the two.
Several other attempts to induce pull out of the DWNT
bundles further confirmed this conclusion: in all cases,
DWNTbundle failure preceded a potential detachment
between the bundles and the carbonized PAN, pre-
venting the occurrence of the latter. In all cases except
one, all the DWNTs of the bundles failed concurrently.
In the remaining case, the outer DWNTs failed,

followed by the pull out of the inner DWNTs
(discussed later in this section). The results of the
pull-out experiments are presented in Table 2. It is
interesting to note that the measured strength of the
bundles, ca. 4�20GPa, was in the range of the strength
of the pristine bundles reported previously,26 suggest-
ing that the atomic structure of the bundles has not
been damaged during the carbonization. This conclu-
sion is in line with TEM images of the bundles
(Figure 1d), in which the shells of individual bundles
can be observed, and also with the simulation results
discussed later.

Given the fact that the bundle rupture precedes
shear failure of the bundle�CNF junctions, the mea-
surement of the interfacial shear strength (IFSS) is
virtually impossible. However, in a rare case (1 out of
5 experiments), we were able to estimate a lower
bound for the IFSS, as shown in Figure 7. The failure
observed in this case was a sword-in-sheath type fail-
ure, indicated by the sudden change in the bundle
diameter, in which first the outer layer of the DWNTs of
the bundle failed, followed by catastrophic pulling out
of the inner DWNTs. The post-mortem image of the
pulled out bundle is shown in Figure 7a, which is similar
to what has been observed before for the DWNT
bundles.26 In this case, similar to the other cases
presented here, the bond between DWNT bundles
and the carbonized PAN is sufficiently strong to pre-
vent complete detachment between the outer layer of
DWNTs of the bundle and the CNF. Therefore, as the

Figure 6. (a) Schematic of the experimental setup used for the in situ SEM investigations of the shear interactions between
DWNT bundles and CNFs. (b) The sequence of steps of an attempt to induce DWNT bundle pull-out from CNFs.

TABLE 2. Summary of the Pull-out Experiments on

Templated Carbonized PAN Nanofibers

test diameter of bundle (nm) bundle strength (GPa)

1 13.1 10.0
2 14.2 10.3
3 15.0 >12.1a

4 9.6 3.9
5 12.1 20.3

a The sample did not fail in this case, it detached from the AFM cantilever.
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interface did not fail, the IFSS could not itself be

measured, and must exceed the strengths measured

in the pull-out experiments. However, the embedded

length of the bundle, l, can be estimated as the length

of the thinned section, as shown in Figure 7. Therefore,

a lower bound for the average IFSS (referred to as

IFSSLB) can be estimated as

Finterface failure g Fmeasured w IFSS

¼ Finterface failure
πDbundlel

g
Fmeasured

πDbundlel
¼ IFSSLB

where Finterface failure and Fmeasured are the forces re-

quired to break the junction between the bundle

and the carbonized PAN, and the maximum force

measured during the pull out attempts.
Given Fmeasured≈ 736( 74 nN, with the embedded

length of ∼517 nm and the bundle diameter of
∼14 nm, the average IFSSLB is estimated to be ∼32 (
3MPa. This lower bound to the shear strength is higher
than the values predicted by pure van der Waals (vdW)
interactions, pointing to the presence of stronger
interactions between the NTs and the carbonized
PAN, such as π�π interactions between DWNTs and
the graphitized regions of the CNF and/or low density
of covalent bonds56�58 and is more consistent with
interfacial strength measured in NT/polymer pull-out
experiments59 for significantly smaller embedding
lengths. This value is also comparable to typical epoxy/
carbon interfacial strengths60 of 30�80MPa. Overall, the
good interfacial bonding observed in our experiments is
consistent with the strong templating effects described
above.

ReaxFF Molecular Dynamics Simulations of Initial Stages of
Templated Carbonization. In this section molecular dy-
namics simulations with a reactive force field are used
to study the initial stages of the templated carboniza-
tion process. Experimental observation of the complex
concurrent 3D propagating chemical reactions in-
volved in carbonization is currently impossible, and

the simulations are limited by system size and stimula-
tion duration that is feasible to study, so only qualita-
tive connections between theory and experiment are
possible. However recent molecular dynamics simula-
tions of the initial stages of carbonization in a stabilized
PAN structure61 have proven useful for understanding
the reaction mechanisms that lead to carbonization,
including the effects of temperature and density on
the rates of graphitic structure formation. Here, this
modeling approach is further expanded and used to
simulate the effects of templates.

Currently, it is computationally not feasible to
simulate the exact geometry of a DWNT bundle sur-
rounded by the stabilized PAN molecules. We have
therefore simulated and compared two limiting geo-
metries, that is, a small diameter cylindrical single wall
nanotube (SWNT) and a flat graphene nanoparticle.
The actual case of the DWNT bundles considered here
will fall in between these selected limiting geometries.

As discussed above, a well-oriented stabilized PAN
precursor structure is crucial for good quality carbon
fibers. Our experimental analysis indicates that such
orientation exists and may be preserved in the tem-
plated NFs with the help from anchoring polymer
molecules on the axially oriented templating particles.
This preexisting orientation wasmodeled in the analysis
below by aligning the initial ladder polymer precursor
molecules along the particle surface or axis.

The simulationswere performed using the ReaxFF62

force field. ReaxFF uses a general relationship (i) be-
tween bond distance and bond order and (ii) between
bond order and bond energy;allowing for proper
dissociation of bonds to give separated atoms. Other
valence terms (angle and torsion) are defined in terms
of the same bond orders so that all these terms go to
zero smoothly as the bonds break. It has been demon-
strated in the literature that ReaxFF is suitable to study
various reactions for systems consisting of C, N, O, and
H atoms.63�66 In another paper, we have studied the
carbonization of PAN alone using molecular dynamics
based on ReaxFF, and the results are consistent with
knownproperties of the carbonization process in terms
of gaseous species emitted during the process, and the
types of structures that are produced, subject to con-
straints of the simulations that require us to use higher
temperatures than in the experiments, and very short
simulation times such that the carbonization process is
only partially completed.61

As in the earlier work, we have assumed that the
molecule (C32H14N10), denoted B in Figure 8a and 8e,
is the species produced by stabilization, and therefore
is the starting point in the carbonization simulation.
Morita et al. have demonstrated that this is likely to
be 30% of the structure formed from PAN during
stabilization,67 and in the present study we assume
that this is also appropriate in the presence of NT or
graphene. For simulations involving the composite

Figure 7. (a) SEM image and (b) schematic representation
of one bundle that pulled out of the CNF in sword-in-
sheath failure. The embedded length is shown in both
panels a and b.
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systems, we have compared the systems consisting
of B (stabilized PAN) plus single wall carbon nanotube
(SWNT) or B (stabilized PAN) plus graphene. The SWNT
and graphene sheet were assumed to be finite struc-
tures, and therefore were hydrogen terminated. The
uncapped SWNT is taken to have the chirality (5, 5),
radius of 3 Å and length of 22 Å. The graphene sheet
is taken to have the dimensions 22 Å by 29 Å. In
accordance with the experimental discussion above,
the B molecules in both models were axially aligned
with the presumed CNF axis and were parallel to the
initial SWNT axis or graphene plane, respectively. The
two model systems consist of (1) 16 B molecules and a
single CNT (with 190 carbon and 20 hydrogen atoms),
thus consisting of 21 wt % CNT, and (2) 16 B molecules
and a single graphene sheet (with 204 carbon and 40
hydrogen atoms) thus consisting of 23 wt % graphene.
Obviously the CNT or graphene content is much higher
than in the experiments, a limitation associated with
the required small simulation size; however, there
is no suggestion in our calculations that it perturbs
the carbonization process to be different from that of
a much smaller concentration simulation. Periodic
boundary conditions were applied in all directions of
the simulation cell. The size of the simulation cell was
adjusted such that the initial density was 1.60 g/cm3 or
1.75 g/cm3 at 300 K in case of PAN þ CNT composite

system. In case of PANþ graphene the initial densities
were 1.6 g/cm3 or 1.8 g/cm3. These density choices are
within the range of reported densities during carbon
fiber production to form PAN.68,69

The model systems were equilibrated at 300 K for
60 ps as the first step of the calculations. The initial
structures and snapshots of 300 K equilibrated com-
posite structures with CNT and graphene are shown in
Figure 8.

For the annealing simulation 10 structures were
collected from this equilibration trajectory during
the time interval 50 to 60 ps. The resulting trajectories
are denoted as BG2500K_dx_n and BNT2500K_dx_n,
where x = 1 and 2, and n = 1 to 10. Here d1 and d2
corresponds to the two choices of initial densities of
the composite systems. The systems were then an-
nealed up to 3000 K at a rate of 10 K/ps. Upon analyzing
these trajectories no reaction or growth was observed
until the temperature was raised to 2500 K or above.
In view of this (which is consistent with what was
found in the pure PAN simulations61 and reflects the
conditions needed to study carbonization on a short
time scale), we assumed that the carbonization step
involved canonical (NVT molecular dynamics) anneal-
ing conditions, and in the simulations used a constant
temperature of 2500 K for 500 ps. During these con-
stant temperature simulations volatile gases such as

Figure 8. MD models with NT and graphene particles. (a) Model stabilized PAN molecule B; (b) SWNT (5,5) of length 22 Å.
Snapshots at 50 ps of the model equilibrated at 300 K: (c) view along SWNT axis; (d) view perpendicular SWNT. (e) Model
stabilized PANmolecule B; (f) graphene sheet. Snapshots at 50 ps of themodel equilibrated at 300 K: (g) view along parallel to
graphene sheet; (h) perpendicular view. Color code: Carbon atoms on B molecules are represented by red and on graphene
and on CNT by green spheres. Nitrogen and hydrogen atoms are represented by blue and white spheres, respectively.
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N2, H2, HCN, andNH3were removed from the system at
every 50 ps to emulate the removal of these gases in
the experiments. The trajectories were analyzed during
the course of simulations by estimating the number
and type of gaseous species evolved, the number and
composition of rings broken or formed, the hybridiza-
tion of the carbon atoms, the carbon content in the
growing structure, elementary reactions of small
species formed during the process and the formation
and growth mechanism of sp2-type carbon structures.

The analysis below summarizes the main templat-
ing effects. The molecular dynamics calculations show
that breaking of the heterocyclic rings starts to occur
∼2500 K and subsequently small volatile molecules,
like N2, H2, HCN, and NH3, are formed as well as new
π-conjugated carbon clusters consisting of five, six,
and seven-membered carbon-only rings. Representa-
tive snapshots at 500 ps showing fused five- and six-
membered rings structures are shown in Figure 9
for the SWNT composite system and Figure 10 for
the graphene composite. The upper panel of Figure 9
shows the formation of five six-membered rings,
whereas the lower panel shows the formation of three

five-membered rings and one six-membered ring.
Similarly the upper panel of Figure 10 shows the forma-
tion of two five-membered rings and a six-membered
ring and the lower panel shows the formation of three
six-membered rings. Further ring condensation and
growth occurs around these clusters (i.e., these clusters
serve as nuclei for further carbonization).

The populations of small molecule species formed
during the simulations, averaged over 10 trajectories,
are shown in Supporting Information (SI) Figure S1. The
analysis shows that the formation of N2 and H2 is more
likely than NH3 and HCN, with N2 formation initiating
earlier than H2 formation. N2 formation occurs via

three distinct stages as observed in these simulations:
(i) CN-bond breaking;where original six-membered
heterocyclic rings break, (ii) NN-bond formation;N
with dangling bond reacts with another N of a neigh-
boring molecule, and finally (iii) subsequent CN-bond
breaking helps to form N2.

The populations of newly formed rings consisting of
carbon atoms only are shown in Figure 11. In general
five-membered ring formation occurs first as a result of
N2 formation in which the six-membered heterocyclic

Figure 9. Snapshots at 500 ps for CNT composite system: (a) view along CNT axis; (b) viewperpendicular CNT axis; (c) detailed
view of selected part. Color code: Carbon atoms on Bmolecules and on graphene are represented by red and green spheres,
respectively. Nitrogen and hydrogen atoms are represented by blue and white spheres, respectively.
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rings of the seed molecules break and the carbon
atoms in the same PAN(B) unit with dangling bonds
in the newly formed structures react to form five-
membered rings. Initially five-membered ring forma-
tion is dominant but in later stages of growth six-
membered ring formation also becomes prominent.
Conversion of five- and seven-membered rings into
six-membered rings is observed, and thus the most
stable π-conjugated structures are formed. It is to be
noted that the formation of five-membered rings in the
mechanism of carbonization is not usually considered
in carbonization mechanisms but is an obvious out-
come of our simulations.

The formation rate of small molecules and new
rings consisting of carbon atoms only are shown in
Supporting Information, Table S1 and Table 3, respec-
tively. Note that these rates are based on results
present after 500 ps and do not reflect shorter time-
scale effects. Results for the PAN(B) only model are
presented elsewhere.61 So here we concentrate on the
effect of templating on the results. The analysis shows

that the N2 and NH3 formation rates are much higher
for the pure PAN(B) model than for the PAN(B) þ
graphene model while the rates for the PAN(B) þ
CNT model are intermediate between the other mod-
els except for HCN. In the case of new ring formation,
the six-membered ring formation rate is much higher
in case of the PAN(B) model, while the five-membered
and seven-membered ring formation rates are higher
in the case of the PAN(B) þ CNT model. The formation
rate of new six-membered rings is very low for the
PAN(B) þ CNT model.

As stated above, initially structures consisting
of five- and six-membered rings are formed. Short
polyyne-like structures (with carbon atoms in the
backbone) are formed due to ring breaking and N2

and H2 formation. These short polyyne-like structures
may entangle themselves to form new five-, six- and
seven-membered rings consisting of carbon atoms
only. Once a small cluster consisting of five- and/or
six-membered rings forms it acts as a nucleus, and
further ring condensation occurs around it. The newly

Figure 10. Snapshots at 500 ps for graphene composite system: (a) view parallel to graphene plane; (b) perpendicular view;
(c) detailed view of selected part. Color code: Carbon atoms on B molecules and on graphene are represented by red and
green spheres, respectively. Nitrogen and hydrogen atoms are represented by blue and white spheres, respectively.
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formed initial structures consisting of five- and six-
membered rings on different units may also react
among themselves to form larger structures consisting
of five- and six-membered rings with carbon atoms
in the backbone. Thus, three-dimensional structures
consisting of five- and six-membered rings and mainly
sp2-carbon are formed. Upon continued annealing the
five- and seven-membered rings may convert to more
stable six-membered rings. Thus, from the present
ReaxFF simulations the following distinct stages were
observed in the carbonization mechanism (both with
pure PAN andwith the PANþCNT and PANþ graphene
composite systems): (i) formation of small structures
consisting of five- and six-membered carbon-only
rings via N2 evolution, (ii) ring condensation, that is,
further ring formation due to entanglement of small

sp-type carbons (polyynes) that become attached to
the five- and six-membered rings, (iii) cluster growth;
small carbon-only ring clusters on different units react
to form larger ring clusters, with formation of H2, HCN,
NH3, and other species continuously occurring.

In the case of simulations with the PANþ graphene
composite system, the five- and six-membered rings
are predominantly formed parallel to the plane of the
graphene sheet, which is a direct effect of the template.
This is apparent in Figure 10, where layers of newly
formed rings are clearly visible immediately on either
side of the graphene layer. This result is also consistent
with past experiments involvingMWCNTs.42,43 In some
cases, more than one π-conjugated layer is formed, all
being parallel to the graphene sheet. In case of the
SWNT composite system, no cylindrically curved gra-
phitic planes are observed (Figure 9). This can be
understood as arising because the (5, 5) CNT diameter
is too narrow to support templating. The experiments
in refs 42,43 have been done with large diameter
MWNTs, so our studies of graphene (which can be
considered as a CNT with a very large diameter)
composite system may be more representative of
the large diameter MWNT-templating during carbon
nanofiber production. Importantly, in both composite
systems studied, there was a distinct preferred axial
orientation of the planes of the newly formed rings and
the early stacks. This is consistent with the experimen-
tal results described here and demonstrates how both
the presence of the oriented carbon particles and the
initial orientation of the stabilized PANmolecules (also
influenced by the templating particles via internally
constrained stabilization, as discussed above) result in
improved orientation of the graphitic structure in the
templated CNFs.

Additional insight into these results is provided in
the Supporting Information, where we show radial
distribution functions as a function of the distance
from the graphene or CNT and carbon atoms that are
in the pure carbon-containing rings. These results
show that with one exception, a separation distance
is in the range 3.0�3.5 Å that is typical for spacing
between graphitic sheets, and there are no carbon�
carbon covalent bonds between the graphene or CNT
and the surrounding carbon-containing rings. The
overall simulation results are consistent with the ex-
perimental observations. In particular, the observed
preferred axial orientation of the planes of the newly
formed rings in the two limiting geometric cases
considered here indicates that the improved orienta-
tion effect is general and should be observed on all
intermediate template geometries.

SUMMARY AND CONCLUSIONS

In summary, good quality PAN/1.2% DWNT nanofi-
bers were produced from PAN/DWNT solutions by
electrospinning. Nanofiber quality anduniformitywere

Figure 11. Number of rings formed (consisting of carbon
atom only) during simulations at 2500 K and with a density
of 1.6 g/cm3. Values averaged over 10 trajectories.

TABLE 3. Ring (Consisting of Carbon Atoms Only) Forma-

tion Rate (number of rings/ns) for Simulations at 2500 K

and Density of 1.6 gm/cc. Values averaged over 10

Trajectories

model

five-membered

ring

six-membered

ring

seven-membered

ring

PAN 57.5 43.5 9.0
PAN þ CNT 59.6 13.6 15.8
PAN þ graphene 44.9 26.9 6.7
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significantly better than that of typical NT-modifiedNFs
reported in the literature (the majority of past reports
were using MWNTs). DWNT bundles were found to be
present in most CNF cross sections and were well
aligned along the CNF axis. The incorporation of a small
amount of DWNT was shown to have a dramatic effect
on the graphitic structure and crystal orientation of the
carbonized CNFs. The templating effect was most sig-
nificant at lower carbonization temperatures, leading to
graphitic quality in the templated system carbonized at
1000 �C being on par with the quality of pristine CNFs
carbonized at 1850 �C. Incorporation of DWNT led to a
significantly improvedorientation of graphitic structure
that was, in addition, less diameter-dependent (in the
range of CNF diameters studied). Several experimental
indicators show that the templating effectswere global,

meaning the graphitic structure propagated from the
DWNT templates to the surrounding CNF material.
In situ SEM studies of interfacial interactions showed
good bonding between DWNT bundles and the tem-
plated carbon matrix. Molecular dynamics simulations
confirmed the templating and preferred orientation
effects and provided additional insights into initial
stages of templated carbonization.
Overall, the results of this work suggest a new

inexpensive route to manufacture continuous nanofi-
bers with improved structure and properties. The low
cost is assured by economical top-down nanomanu-
facturing, the possibility of lower carbonization tem-
perature, relaxed requirements on stretch during
nanofiber stabilization and carbonization, and possible
increase of useable nanofiber diameters.

METHODS
DWNTs were produced in a CVD process utilizing a floating

catalyst system based on ferrocene and ethyl alcohol as a
hydrocarbon feedstock. The as-produced DWNTs comprised
up to 13 wt % of organic compounds dominated by substituted
acrylates (“sizing”).26 The DWNTs were partially purified and
organic sizing content was reduced to 5 wt %. In addition to
organic sizing, the partially purified DWNT contained 5.4 wt %
of Fe, 4wt% of amorphous C, and 1wt%of graphite. The DWNT
content was 85 wt %. The DWNTs were considerably longer
than the commercially available nanotubes (above 50 μm).
Their unique organic sizing allowed for stable dispersions in
polar solvents.
DWNTs were dispersed in dimethylformamide (DMF) using

high speed shear mixing at 17500 rpm for 6 h. PAN polymer
(Pfaltz and Bauer, Inc.; cat no. P21470, MW 150 000) was then
added and fully dissolved to produce a 10%PAN/0.12%DWNT
wt/wt dispersion in DMF. The dispersion underwent ultrasoni-
cation in an ultrasonic bath for 1.5 h and the quality of the
dispersion was examined in an optical microscope. The above
weight ratio resulted in 1.2% weight fraction of DWNT in PAN
nanofibers after electrospinning. Note that the DWNT weight
fraction in carbonized nanofibers is higher due to the weight
loss of PAN during oxidation and carbonization. The exact
weight loss is unknown, therefore, for simplicity, both PAN
and carbon nanofibers containing DWNT were labeled as
1.2% DWNT nanofibers.
Nanofibers were electrospun at 12 kV using a 0.6 mL/h feed

rate and a 20 ga needle. The spinneret-collector distance
was 20 cm. Templated polymer and carbon nanofibers were
compared with pristine PAN and carbon NFs produced under
similar conditions (10 wt %/wt solution of PAN in DMF). As-spun
nanofibers were examined by FE SEM (FEI Quanta 200FEG) and
analyzed by wide-angle X-ray diffraction (WAXD) using Rigaku
multiflex X-ray diffractometer with Cu KR radiation in the range
of 2θ between 10 and 50 degrees.
As-spun nanofibers were converted to carbon nanofibers

using known protocols.38 Nanofiber mats were stabilized in
oxygen atmosphere at 270 �C for 1 h and carbonized at several
carbonization temperatures in different environments. Carbo-
nization at temperatures between 600 and 1200 �C was per-
formed in nitrogen; carbonization at 1400 and 1600 �C was
performed in argon; and carbonization at 1700 and 1850 �C
was performed in vacuum. All carbonization processes used a
heating rate of 10�/min and dwell time of 1 h.
The graphitic structure of the carbonized samples was

evaluated by inVia Raman microscope from Renishaw using
514 nm laser as an excitation source. First order Raman spectra
(1000�2000 cm�1) were recorded at a resolution of 1.68 cm�1.

Each CNF mat was examined in five different locations to
produce average values and standard deviations for the G
bandwidth and the ID/IG ratios. Fiber mats carbonized at
800 �C were also examined by WAXD. The carbonized nano-
fibers were examined in a JEM 2010 transmission electron
microscope from JEOL and 002 crystal plane orientations were
evaluated using select area electron diffraction (SAED) from
azimuthal scans as a function of nanofiber diameter.
Interfacial bonding between the DWNT bundles and sur-

rounding templated matrix was studied by pull-out experi-
ments. The experiments were performed in situ in an SEM
chamber. The exposed end of embedded DWNT bundles were
welded to a cantilever, and the applied loadwas calculated from
the continuously observed cantilever deflection.
Modeling of the initial stages of templated carbonization was

performed using reactive force field (ReaxFF) molecular dy-
namics (MD) simulations. The simulations traced the evolution
of the polymer molecular structure, small molecular species,
and carbon ring formation for two cases of templating carbon
geometries, that is, small diameter nanotubes and flat graphene
particles (as an approximation to the surface of a bundle).
Further details of the simulations are presented in the text.
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