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a b s t r a c t

This letter reports a method to produce lignin and cellulose nanofibrils (CNFs) based porous core-shell
carbon fibers via co-electrospinning followed by controlled carbonization. Lignin formed the shell of the
fiber while CNF network formed the porous core. Polyacrylonitrile (PAN) was added to the lignin solution
to increase its electrospinability. CNFs were surface acetylated and dispersed in silicon oil to obtain a
homogenous dispersion for electrospinning the porous core. Hollow lignin fibers were also electrospun
using glycerin as the core material. FT-IR measurements confirmed the CNF acetylation. SEM micrographs
showed the core-shell and hollow fiber nanostructures before and after carbonization. The novel carbon
fibers synthesized in this study exhibited increased surface area and porosity that are promising for
many advanced applications.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Carbon nanofibers have received tremendous research interest
because of their great potential in energy, chemical sensing and
adsorption, and catalysis applications. Synthesis of carbon nano-
fibers based on renewable materials represents a relatively new
but high-impact research direction with obvious environmental
benefits. Lignin and cellulose are two most abundant natural
polymers and have been shown to be effective carbon precursors.
Submicron diameter carbon fibers has been produced by carboniz-
ing electrospun lignin fibers [1]. Natural cellulose fibers have been
converted into carbon fibers through controlled pyrolysis and the
effects of the pyrolysis conditions on the conversion and the
properties of the obtained carbon fibers have been studied [2–4].
CNFs are one type of cellulose nanofibers that have very large
aspect ratio and form percolated network structures in water or
polymer matrices. They have been under intensive investigation
for use as potential biobased nanoreinforcements in polymer
nanocomposites [5].

The performance of carbon nanofibers in many applications
depends on their surface areas. Hollow fibers, [6] porous fibers [7]
ll rights reserved.
and fibers with carbon nanotubes grown on the fiber surface [8]
have been developed to increase the surface area. In this letter, we
reported the preparation of core-shell carbon fibers via electro-
spinning biobased precursors followed by controlled carboniza-
tion. Lignin was used as the spinning material for the shell part of
the fiber while a portion of PAN was added to increase its
spinnability. CNFs were used to form the porous core structure
of the fiber. The obtained core-shell carbon fibers exhibited
increased surface area which is expected to improve their perfor-
mance in many advanced applications.
2. Materials, preparations and characterizations

Materials: Alkali kraft lignin and PAN with an average Mw of
150,000 were purchased from Sigma-Aldrich. Cellulose nanofibril
gel (2.3 wt%) produced by repeated mechanical grinding [9] was
kindly provided by USDA Forest Products Laboratory (Madison, WI).
N,N-Dimethylformamide (DMF) (≥99.8%), chloroform (≥99.8%),
glacial acetic acid (≥99.7%), sulfuric acid (95.0–98.0%), acetic
anhydride (≥97%), and poly(dimethylsiloxane) (96%) were pur-
chased from Fisher Scientific. Ethyl alcohol (EtOH, 100%) was
purchased from VWR. All chemicals are used as received without
further purification.

Preparation of acetylated CNFs/silicone oil suspension: CNFs were
dispersed in DMF through solvent exchange before acetylation
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Fig. 1. (a) Reaction scheme of CNF acetylation; (b) acetylated CNFs dispersed in a silicone oil/chloroform mixture (�0.5 wt%) and (c) FT-IR spectra of pure CNFs and surface
modified CNFs.
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reaction. 100 mL DMF was gradually added into 43.48 g CNF gel
(1 g dry CNFs) under continuous stirring at 100 1C. 50 g white gel-
like CNF/DMF suspension (2 wt%) was obtained after �3� h
stirring. Acetylation was conducted in a three-neck round flask
under N2 protection. 40 mL acetic acid and 2 mL sulfuric acid were
added into the 50 g CNF/DMF suspension at room temperature to
activate the CNF surfaces (5 h). Then 40 mL acetic anhydride was
added to trigger the acetylation. The reaction lasted 7 h at 90 1C
under continuous stirring. The reaction product was transferred to
a 2,000 mL narrow-neck flask and then 1,000 mL EtOH was added
afterward. The mixture was stirred at room temperature for over
30 h. The precipitate (i.e., acetylated CNFs) of the mixture was
collected and unreacted chemicals were removed by repeated
centrifugation (Eppendorf centrifuge 5810, 4,000 rpm for 2 min).
The acetylated CNFs were dispersed in 60 mL silicone oil (90 1C)
using a high speed homogenizer (IKA T18 basic) at �500 rpm until
the mixture became transparent (about 1 h). 10 mL chloroform
was added into the suspension to further increase the dispersion
of the acetylated CNFs. Finally, a homogenous acetylated CNFs/
silicone oil/chloroform mixture was obtained which remained
stable over 24 h.

Electrospinning and fiber carbonization: Lignin and PAN were
dissolved in DMF by stirring overnight at 60 1C. The ratio between
lignin and PAN was 1:1 and the total solid content of the solution
was 17 wt%. The obtained solution was used to spin the shell part
of the core-shell fibers while the acetylated CNF/silicone oil/
chloroform mixture was used for the core part. Electrospinning
was conducted on an EC-DIG electrospinning apparatus (IME
Technologies, Netherlands) equipped with a co-axial spinneret
with the inner and outer gauges being 19 and 15, respectively.
A voltage of 17 kV was applied between the needle and the fiber
collector (grounded). The feeding rates of the core and shell
materials were adjusted to 0.03 mL/h. The distance between the
needle tip and the collector was kept at �20 cm. Pure glycerin was
used for the core material when hollow lignin/PAN fiber was
produced. All spinning processes were performed under a relative
humidity of 63% at 21 1C.
The obtained fibers were carbonized in a home-made horizon-
tal tubular furnace. The temperature of the furnace was first
increased from 21 to 550 1C at 10 1C/min and maintained for
2 h in a mixture atmosphere of 500 ml/min hydrogen (H2) and
1 ml/min argon (Ar). Then the temperature was increased to
1000 1C at 10 1C/min and maintained for 1 h in 500 ml/min Ar to
fulfill the carbonization process.

Characterizations: Scanning electron microscope (SEM) imaging
was performed on a Quanta 3D FEG (FEI) operating at 10 kV. Cross-
sections of the electrospun nanofibers were obtained by first
dipping the fibers in liquid nitrogen followed by a clean cut using
a razor blade. Carbonized nanofibers were directly cut without the
cryo-treatment. Before imaging, the samples were coated with a
thin layer of Au using an Emitech K575X sputter coater. FT-IR
spectra were obtained on a Nicolet iS10 from Thermo Fisher
Scientific Inc. The fiber samples were ground with KBr (ratio
1:100) and molded into discs. The spectrum between 4,000 and
500 cm�1 was collected for each sample based on 32 scans with a
resolution of 4 cm�1. The spectra were processed and analyzed
using OMNIC 8.1 (Thermo Scientific). Background reference was
obtained by scanning a pure KBr disc under the same condition.
3. Results and discussion

CNFs were acetylated because they could not be homoge-
neously dispersed in non-polar silicon oil due to their high surface
polarity. This high polarity can be greatly decreased by acetylation.
The reaction scheme of CNF surface acetylation is shown in Fig. 1a.
The active hydroxyl groups (-OH) on the surfaces of CNFs react
with acetic acid or acetic anhydrate to produce acetyl groups
(-COCH3) [10]. The acetylation of CNFs lowers their hydrophilicity
and thus improves their dispersion in non-polar solvents such as
silicon oil. The stability of the acetylated CNF dispersion can be
further improved by adding chloroform into silicon oil due to the
similarity between the polarity of the acetylated CNFs and chloro-
form [10]. The suspension remained stable over 72 h. In Fig. 1(b),
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Fig. 2. SEM images of electrospun lignin/PAN hollow fibers (a) and CNFs-lignin/PAN core-shell fibers (b–d).

Fig. 3. SEM images of carbonized lignin/PAN hollow fiber (a) and CNFs-lignin/PAN core-shell fiber (b).
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the acetylated CNFs is dispersed in a silicon oil/chloroform mixture
(1:6), producing a stable translucent suspension. This suspension
was used to spin the core part of the core-shell fibers in
electrospinning.

Fig. 1c compares the FT-IR spectra for pure and surface-
modified CNFs. The peak at 1657 cm�1, which does not change
after acetylation, can be assigned to the bending motion of
absorbed water and the carboxylate groups yielded during
CNF production [11]. Three new peaks appear on the spectrum
of the acetylated CNFs at wavenumbers of 1751, 1374 and
1259 cm�1, which are attributed to carbonyl stretching (νC¼O),
methyl in-plane bending (dC-H) and C-O stretching (νC-O), respec-
tively [10]. These new vibrational peaks confirm the successful
acetylation of CNFs.

Microtructures of the electrospun lignin/PAN hollow nanofibers
are shown in Fig. 2a. The hollow fibers show an average outter
diameter (OD) of 476 nm and inner diameter (ID) of 330 nm,
resulting in an average wall thickness of �72 nm. The structures
suggest that glycerin is an effective liquid for forming and main-
taining the tubular structure of the nanofibers.

Core-shell CNF-lignin/PAN fibers are shown in Fig. 2b–d. The
fibers exhibit relatively smooth, bead-free surfaces with an
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average fiber diameter of 3.5 mm. The relatively large diameter is
commonly observed in electrospinning core-shell fibers [6,12]
due to utilization of the outter capillary with a large diameter
(1.5 mm). The average draw ratio (DR) of the fibers is estimated
to be 430 based on the diameters of the capillary and the fiber.
Fig. 2d shows the cross sectional surface of a cryo-cut core-shell
fiber. The porous core of the fiber is mainly consisted of CNF
network. At this stage migration of polymers (i.e., lignin and
PAN) from the shell portion to the core portion cannot be
completely excluded.

Fig. 3 shows the cross section of carbonized hollow and core-
shell fibers. The fibers virtually maintained their initial structures
after the carbonization process. Further material characterizations
such as surface area and conductivity measurement are under
way. The hollow and porous core-shell fibers provide much larger
surface area and porosity than do the solid fibers with the same
diameter. The increased surface area and porosity provides an
improved platform for various interactions between the fibers
and their surrounding environments and therefore potentially
enhances the performance of the fibers in some advanced applica-
tions including energy storage, gas sensing and adsorption, cata-
lysis, and environmental remediation (e.g., chemical or biological
substance detection and removal). To increase the production rate
of the core-shell carbon fibers, a mass production method of
nanofibers such as bubble electrospinning [13] will be considered.
4. Conclusions

In this study we have produced novel hollow and porous core-
shell carbon fibers using mostly biobased materials. Lignin was
readily electrospun into hollow fibers or fiber shell after adding
PAN as a co-spinning polymer. CNFs were difficult to disperse in
non-polar solvents and surface acetylation had to be performed.
Acetylated CNF dispersion in silicon oil/chloroform mixture was
stable and suitable for electrospinning to form fiber core. The
obtained hollow and core-shell fibers were successfully carbonized
without causing obvious changes on the fiber structure. The two
types of new fibers, especially the porous core-shell one, exhibit
increased surface area and porosity over the conventional solid
fibers and are expect to have a great potential in many advanced
applications.
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