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Exploiting the superior properties of nano-
materials at macroscopic scale is a key issue of nanoscience.
Different from the integration strategy, “additive synthesis”
of macroscopic structures from nanomaterial templates may
be a promising choice. In this paper, we report the epitaxial
growth of aligned, continuous, and catalyst-free carbon
nanofiber thin films from carbon nanotube films. The fabri-
cation process includes thickening of continuous carbon
nanotube films by gas-phase pyrolytic carbon deposition
and further graphitization of the carbon layer by high-
temperature treatment. As-fabricated nanofibers in the film
have an “annual ring” cross-section, with a carbon nanotube
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core and a graphitic periphery, indicating the templated growth mechanism. The absence of a distinct interface between the
carbon nanotube template and the graphitic periphery further implies the epitaxial growth mechanism of the fiber. The
mechanically robust thin film with tunable fiber diameters from tens of nanometers to several micrometers possesses low
density, high electrical conductivity, and high thermal conductivity. Further extension of this fabrication method to
enhance carbon nanotube yarns is also demonstrated, resulting in yarns with ~4-fold increased tensile strength and
~10-fold increased Young’s modulus. The aligned and continuous features of the films together with their outstanding
physical and chemical properties would certainly promote the large-scale applications of carbon nanofibers.

additive synthesis, aligned, continuous, carbon nanofiber, carbon nanotube

ibrous carbon or carbon fiber, an important member of

the carbon family, together with carbon nanotube

(CNT) and graphene, has been envisaged as a key
material of green science and technology.' Among all forms of
carbon fibers, vapor-grown carbon fibers (VGCFs) synthesized
with floating catalysts can be a solution for large -scale randomly
oriented and discontinuous carbon fibers.”~* However, the
existence of catalyst residues and the randomly oriented and
discontinuous feature of VGCFs have limited their potential
applications. A facile method to fabricate well-aligned, con-
tinuous, and catalyst-free carbon fibers is thus highly desired
for large-scale and high-performance applications of carbon
fibers.

The growth process of VGCFs can be divided into two
steps: catalytic growth of the CNT core and thickening of
the pyrolytic carbon periphery.”* Such a growth mechanism
implies the possibility to realize “additive synthesis” of carbon
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fibers from CNTs, ie, by depositing pyrolytic carbon on the
CNT template. In this sense, the quality and morphology
distribution of CNTs would affect the features of as-grown
carbon fibers. Among the CNTs, the superaligned carbon nano-
tube (SACNT) enables continuous spinning of aligned CNT
films from the SACNT array.”~” In this paper, we report the
epitaxial growth of aligned, continuous, and catalyst-free carbon
nanofiber films (CNF films) from CNT films. As-fabricated
fibers in the film have an “annual ring” cross-section, with a
CNT core and a graphitic periphery, indicating the template
function of the CNT. The absence of a distinct interface
between the CNT template and the graphitic periphery further
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Collected CNF films

Figure 1. Continuous fabrication of carbon nanofiber films (CNF films) from carbon nanotube films (CNT films). Continuous CNT film is
spun from a superaligned carbon nanotube array (SACNT array) fixed at one cold end of the quartz tube (labeled as spinning zone), through
the hot zone heated by the furnace (labeled as carbonization zone), to the spool at the other cold end (labeled as collection zone). Pyrolytic
carbon is deposited on the CNT due to the pyrolysis of the hydrocarbon gas in the carbonization zone. The collection of CNF films on the
spool is driven by a dc motor. (Note that the photograph of the collection zone is mirrored; the width of the CNF films collected on the spool

is 3 cm.)

implies the epitaxial growth mechanism of the fiber. The
diameter of the fiber, ranging from tens of nanometers to
several micronmeters, can be well controlled by the fabrica-
tion conditions. The as-fabricated CNF films with low density,
good mechanical performance, high electrical conductivity,
and high thermal conductivity would meet the demand of
lightweight, high-strength, good-conductivity applications.
Further extension of the fabrication method to achieve carbon
yarns with several-fold-enhanced mechanical performance is
also demonstrated.

RESULTS AND DISCUSSION

We start from the CNT film spun from the SACNT array,
which acts as a template for pyrolytic carbon deposition and the
following graphitization (Figure 1). As shown in Figure 1,
continuous fabrication of CNF films was realized in a quartz
tube with a tubular furnace. The continuous-spinning feature of
the SACNT,>® enables the integration of continuous spinning
of CNT films from the SACNT array (at one cold end of the
quartz tube, “spinning zone” in Figure 1), continuous deposi-
tion of pyrolytic carbon on the film (in the hot zone,
“carbonization zone” in Figure 1), and continuous collection of
the as-grown CNF film (at the other cold end, “collection zone”
in Figure 1). The length of the CNFs would only be limited by
the size of CNT array used, which can beyond hundreds of
meters.” The collected CNF films can be continuously spun
from the spool, which would benefit further treatments (e.g.,
high-temperature graphitization treatment for graphitized car-
bon nanofibers, denoted as G-CNFs) or applications of the
film.

The “additive synthesis” strategy from the CNT film tem-
plate (Figure 2a) endows some characteristics of the CNF and
G-CNF film. After the fabrication process, as-grown G-CNFs
with an increased diameter (25 nm to 1.6 ym, depending on
the carbon deposition time) maintain the well-aligned feature
of the parent CNT film (see Figure 2b and c for the CNT film
and G-CNF film, respectively). A scanning electron microscopy
(SEM) observation on the tip of the fibers indicates an “annual
ring” structure of the fiber, with a CNT core and a carbon
periphery (Figure 2d), verifying the template function of
the CNT.*”~"" The “additive synthesis” from the CNT template
also ensures the catalyst-free feature of the CNFs and the
G-CNFs, which can be supported by the energy-dispersive
X-ray spectroscopy (EDS) results (Figure 2e).
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More information on the structural feature and also the
growth mechanism of the fibers can be given by transmission
electron microscope (TEM) characterizations. According to the
TEM results, G-CNFs with different diameters all displayed
good graphitization, supporting the graphitizable feature of the
pyrolytic carbon.”'* For G-CNFs with a diameter of about tens
of nanometers, the absence of a distinct interface between the
CNT template (diameter ~10 nm) and the graphitic periphery
implies the epitaxial growth mechanism of the fiber (Figure 3a
and the inset and Figure S10). The finding of graphitic struc-
tures in small-diameter CNFs without high-temperature
treatment (diameter below 100 nm, see Figure S1 for both the
side-view and cross-section TEM results) further indicates
the potential ability of the CNT template to induce epitaxial
graphitization, which is in agreement with previous reports on
individual CNTs."* Besides the typical spacing (~0.34 nm)
between graphitic layers, some additional spacing with a period
of around tens of nanometers can also be found in the graphitic
periphery of G-CNFs with a sub-micrometer diameter (Figure 3¢
and Figure S2). Such a phenomenon may be a result of the strain
induced by the curvature of the G-CNFs (Figure S3), which
would hinder graphitic stacking and induce shape trans-
formations during the growth.'”'*' In addition to character-
izations of individual G-CNFs, additional attention was paid to
the crystalline structure of the G-CNF junctions. A high degree
of graphitization was found on the fibers away from the G-CNF
junction (Figure S4). As displayed in Figure S4b and d, some
multiloops between graphitic layers of two fibers (in two
directions) were found in the G-CNF junction. The parent
CNTs in the same junction are held together via van der Waals
interactions. The formation of graphitic loops in the junction
would thus contribute to improved mechanical, electrical, and
thermal performances of the G-CNF films.

The EDS results (Figure 2e) indicate the all-carbon feature
of the CNF film and G-CNF film. Analyses by X-ray photo-
electron spectroscopy (XPS) and thermogravimetry (TG) fur-
ther reveal the sp® carbon chemical state and high graphitization
of the G-CNF film (Figure SSab and Supporting Information).
To evaluate the crystalline structure of the fiber, X-ray dif-
fraction (XRD) and Raman analyses were performed on the
samples (Figure 4a and b). Compared to the XRD results of the
CNF and the CNT film, the sharpest (002) line with the largest
diffraction angle can be found in the G-CNF film. According to
the Scherrer equation,'®
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Figure 2. Structural and composition feature of the fiber. (a) Schematic illustration of the structure transformation from the CNT template to
the CNFs. (b, c) Scanning electron microscopy (SEM) images of (b) SACNT film and (c) graphitized carbon nanofiber film (G-CNF film).
The diameter of the G-CNFs is around 150 nm. (d) SEM image of G-CNFs, focused on the fiber tips. (e) Energy-dispersive X-ray
spectroscopy (EDS) results of CNT, CNF, and G-CNF films. Inset is a photograph of G-CNF film strips.
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L FWHM(20) cos 0 (1)
(L. is the crystallite size, K is the Scherrer constant, 1 is the
wavelength of the X-ray, 0 is half of the diffraction angle of the
XRD line, and FWHM(20) is the full width at half-maximum of
the XRD line), such a feature suggests the successful graphitiza-
tion of the G-CNF by high-temperature treatment. Such a
judgment is also confirmed by the Raman results (Figure 4b),
which provide local structure information on the sample within
the optical skin depth.'*'” A negligible D peak and a sharp G
peak in the spectrum suggest the good crystallinity feature of
the G-CNF."'® The differences in the peak intensity ratio
I/I and the width of the G peak between the CNF and the
G-CNF identify the effect of the graphitization treatment: to
improve the crystallinity of the sample."”'*™*'

To evaluate the physical properties of the films, effective
thicknesses of the CNF films and G-CNF films with different
fiber diameters were measured in SEM by clamping the film with
two silicon slices (Figure S6, these values may be overestimated
considering the measurement method). For CNF and G-CNF
films with a similar fiber diameter of 250 nm, the measured
thicknesses are 3.2 and 8.3 um, respectively. Considering the
mass density and resistivity results (Figure S7), such a feature is
coincident with structure transformations of the periphery in the
fiber from amorphous carbon to graphitic carbon.

A similar difference can be found in the mechanical perfor-
mance. Graphitization treatment results in stiffer G-CNF films
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compared to the pristine CNF films (Figure 4c—f). Besides, the
tensile strength, Young’s modulus, and fracture strain results all
exhibit some fiber diameter dependence. Both tensile strength
and the Young’s modulus of the G-CNF film reach maximum
values around a diameter of 1 um. Such a fiber diameter
dependence may originate from structure evolutions of the
G-CNF film. As the fiber diameter increases, the influence of
curvature-induced strain would weaken,'*'* resulting in more
perfect fibers (i.e, improved mechanical performance). How-
ever, when the fiber diameter reaches 1 yum, lots of G-CNFs
coalesce together and become seamless films covered by loose
graphitic layers (Figure S8), which results in poor stress transfer
among the embedded G-CNFs during the mechanical test.
The highest tensile strength of the G-CNF film (with a fiber
diameter ~980 nm) is measured to be 214 + 42 MPa. The
corresponding specific strength is 158 + 31 MPa/(g/cm?),
which is comparable to or even larger than those of Mylar or
Kapton films (~160 MPa/(g/cm®)) and high-strength steel
(~125 MPa/(g/cm®)).” For practical applications in the
aerospace industry, lightweight but high-performance materials
are highly desired. The continuous G-CNF film is proved to
simultaneously possess the features of low density, high elec-
trical conductivity, high mechanical strength, and high thermal
conductivity. Rough comparisons among free-standing film/
membrane materials with respect to the specific electrical con-
ductivity and specific thermal conductivity (Figure S) indicate
that the G-CNF film can be a solution for lightweight, high
electrical/thermal conductivity materials.
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10 nm

Figure 3. Transmission electron microscopy (TEM) images of G-CNFs. (a) TEM image of a G-CNF with a diameter around 30 nm. The inset
shows the contrast profile along the marked line in (a). (b, c¢) TEM images of a G-CNF with a diameter around 1.6 gm. The inset of (c) shows

the crystalline structure of the fiber; the scale bar is 2.5 nm.
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Figure 4. Characterizations and mechanical performance of the CNT, CNF, and G-CNF films. (a) X-ray diffraction (XRD) results of CNT,
CNF, and G-CNF films. (b) Raman results of CNT films, CNFs, and G-CNFs. (c—f) Fiber diameter dependence of the tensile strength
(), fracture strain (d), Young’s modulus (e), and specific strength (f) of the G-CNFs and CNFs.

One feature of the G-CNF is the diameter-dependent crys-
tallinity. As shown in Table S1, Raman and XRD data are
processed and summarized into some graphitization indices as a
function of fiber diameter. Since the existence of defects in the
G-CNF would cause both intensity change and broadening of
the Raman peak,'®™*' values of average in-plane graphene
length (L,) and average graphene length including curvature
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(L) of the fiber can be evaluated according to the integrated
intensity ratio of Raman peaks as L, o< Ag/Ap and L,q o Ayp/
Ap.””** The ratio Ley/L, o Ayp/Ag would thus provide infor-
mation about the curvature in the G-CNF. The summarized
results that a fiber with a larger diameter substantially has larger
values of Ag/Ap and A,p/Ap, but a smaller A,p/Ag (Table S1)
indicate a positive correlation between fiber diameter and the
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Figure S. Comparisons of free-standing film/membrane materials
with respect to their specific electrical conductivity and specific
thermal conductivity. The materials include G-CNF film (fiber
diameter ~980 and 280 nm), CNF film (fiber diameter ~2400 and
265 nm), and 10-layered SACNT film (SACNT paper), together
with some metals (Au, Ag, Al, see ref 25), CNT bucky paper
(denoted as CNT Paper, see ref 26.), graphene nanoplatelet paper
(GNP paper, see ref 26), and graphene paper (G paper, see ref 27).

graphitization. Different from the spatially localized char-
acterization by Raman,'*'” XRD analysis can perform crys-
tallinity characterization within a much larger area (~600 ym in
diameter). The c-axis interlayer spacing (dg,), the degree of
graphitization (G), and crystallite size along the c-axis (L.(002),
calculated by eq 1) are three graphitization indices for eval-
uating the crystallinity of the G-CNFs (see Supporting
Information for calculation details). The range of the L .(002)
(21.5—34.8 nm) is roughly in agreement with the period of the
extra spacing observed in TEM (Figure 3c). The dyy, and G%

of G-CNFs with different diameters distribute within 0.3368—
0.3391 nm and 54.6—79.6%, respectively. Deviations of the
values from those of the perfect graphite (dyg, = 0.335 nm and
G% = 100%) can be explained by the existence of curvature
and multiloops (between graphitic layers, Figure S4) in the
G-CNFs."*"® The diameter dependence of these indices once
again demonstrates the positive correlation between fiber dia-
meter and the graphitization, verifying the effect of curvature to
hinder perfect graphitization in the fiber.

The “additive synthesis” method can also be applied to
fabricate mechanically enhanced carbon yarns from a CNT yarn
template. CNT yarns with different diameters can be achieved
by shrinking SACNT films with specific widths.”> From these
CNT yarn templates, pyrolytic carbon coated CNT yarns
(C-yarns) and graphitized C-yarns (G-C-yarns) can be pre-
pared using the aforementioned method. As a demo, carbon
yarns with a 6.5 ym diameter and 100 nm thick carbon or
graphite layer were fabricated and tested. The mechanical test
results (Figure 6a and b) indicate a “stiffer” feature of the
G-C-yarn (tensile strength 0.6 + 0.3 GPa, Young’s modulus
2192 + 80.8 GPa) and a “stronger” feature of the C-yarn
(tensile strength 1.6 + 1.4 GPa, Young’s modulus 91.2 +
80.4 GPa). Compared to the pristine CNT yarn (tensile
strength 0.4 + 0.2 GPa, Young’s modulus 18.6 + 8.9 GPa), the
greatly improved mechanical performance (~4-fold increased
tensile strength for C-yarn, ~10-fold increased Young’s modulus
for G-C-yarn) can be explained by the effective stress transfer
among the CNTs in the yarn due to the existence of carbon or
graphitic periphery layers (Figure 6d). The well-improved
mechanical performance, together with the continuous feature
of the CNT yarn, makes such a method appealing for versatile
applications of CNT yarns.
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(d) Cross-section SEM image of the yarn in (c).
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CONCLUSION

In summary, we have realized “additive synthesis” of con-
tinuous, aligned, catalyst-free carbon/graphitic nanofiber films
from the carbon nanotube film template. The fabrication
process includes pyrolytic carbon deposition on the carbon
nanotube film template and graphitization treatment of the
film. Such a two-step fabrication method results in an “annual
ring” structure of the fiber, just like a tree. The “annual ring”
cross-section of the fiber, together with the absence of a distinct
interface between the carbon nanotube template and the
graphitic periphery, implies the epitaxial growth mechanism of
the fiber. The continuous carbon/graphitic nanofiber films,
with merits of good alignment, low weight, high mechanical
performance, good electrical conductivity, and good thermal
conductivity, would certainly promote the large-scale applica-
tion of carbon nanofibers.

METHODS

Fabrications of the Fiber. For discontinuous fabrication of CNF
films, the as-spun CNT film was first support by a graphite frame with
a suspending size of 40 mm X 15 mm. Pyrolytic carbon deposition was
then performed via pyrolysis of hydrocarbon gas (S0 mL/min CH,
diluted by S0 mL/min Ar) at 1050 °C for 1—40 min in a quartz
tube (22 mm inner diameter) with a hot-wall furnace (Lindberg Blue
M TF55035C-1). For continuous fabrication of CNF films, spinning
of CNT films from the SACNT array, pyrolytic carbon deposition,
and CNF film collection were all integrated inside a quartz tube
(70 mm inner diameter) with a hot-wall furnace (Lindberg Blue
M HTF55667C), as shown in Figure 1. To get the G-CNF film, the
CNF film was further graphitized in an Ar atmosphere at a tempera-
ture around 2900 °C for 1 h using a graphitization furnace (KGPS-100,
ChenXin Induction Equipment Co., Ltd.).

Characterizations and Measurements. SEM (FEI Sirion 200),
TEM (FEI Tecnai G2 F20 S-Twin), XRD (Rigaku D/max 2500PC),
and Raman spectroscopy (Jobin Yvon LabRAM HR800) were used
to characterize the samples. The mechanical test was performed
using an Instron 5848 MicroTester. The measurements of in-plane
thermal conductivity were performed by a self-heating method using a
homemade apparatus. To improve the accuracy of the measurement,
(1) the measurement was performed in a vacuum of ~1 X 107° Pa;
(2) thin film strips with large ratio of length to width were prepared
to meet the demand of one-dimensional thermal conduction; and
(3) radiant heat loss was taken into account when calculating the
thermal conductivity. More information on the method can be found
in a previous paper.24
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