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Abstract Glassy carbon nanofibers (g-CNFs) with
diameter of ca. 45 nm were prepared from electrospun
cellulose nanofibers (CelluNFs) by two sequential steps:
stabilization and carbonization. The CelluNFs were stabi-
lized at 400 °C and carbonized at 850 and 1400 °C to
produce g-CNFs. The morphology and crystallographic
structure of the precursor, stabilized and carbonized
nanofibers were characterized by field emission scanning
electron microscopy, transmission electron microscopy
(TEM), selected-area electron diffraction, and Raman
spectroscopy. It was found that the stabilization treatment
was very effective in maintaining the nanofiber morphol-
ogy of the final product g-CNFs. TEM images revealed that
the g-CNFs carbonized at 1400 °C showed ribbon-like
curved single carbon layer networks throughout the sam-
ple. These layers were randomly stacked without any
particular sequence, and were looped. Raman spectra
confirmed that the g-CNFs contained low content of gra-
phitic crystallites. The Ip/Ig values indicated that most
carbons of g-CNFs are in the amorphous state. The elec-
trical conductivity was dependent on the graphitic micro-
structure in the g-CNF. It reached to 93.5 S/cm for the
g-CNF carbonized at 1400 °C. The g-CNF with good
conductivity may find applications in the carbon-based
nanodevices.
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Introduction

Carbon nanostructures such as carbon nanofibers (CNFs)
and carbon nanotubes (CNTs) have attracted great aca-
demic and industrial attention due to their unique aniso-
tropic properties and a wide range of potential applications.
Compared with other nanoscale carbon materials, CNFs are
good candidate carbonaceous materials for filtration, cata-
lytic support [1], electronic component [2], hydrogen
storage [3], and biomedical applications [4], owing to their
good conductivity, high mechanical strength, high aspect
ratio, and large specific surface area. Before polyacrylo-
nitrile (PAN) and pitch became dominant precursors of
carbon fibers, cellulose fibers (cotton fibers, rayon fila-
ments, and bamboo fibers) had been the main precursors of
carbon fibers, which were then used as the filament of
incandescent light [5, 6].

Because of the high and continuous increasing cost of
PAN-based carbon fiber due to the fluctuations of the crude
oil prices, and large demand of carbon fiber in the auto-
mobile, aircraft, sports, and military industries, a resurging
interest in renewable cellulosic precursors is building up [6,
7]. Carbon fibers were prepared from the pyrolysis and
graphitization of liquid crystalline cellulose fiber precursor
in the temperature range of 400-2500 °C. A graphitic
structure was developed after the fibers were thermally
treated at 2500 °C. They showed skin—core structure, and
had moduli of ~ 140 and 40 GPa for the skin and the core,
respectively [8]. The same group fabricated CNFs from
electrospun cellulose nanofibers by carbonization at
800-2200 °C. Compared to carbon fibers from micron
sized cellulose fibers, they found that graphitic structure
was observed for CNFs at a relatively low temperature of
1500 °C, and that no obvious skin—core heterogeneity for
fibers treated up to 2200 °C. The modulus of the CNF
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obtained at 2200 °C was ~ 100 GPa. Such mechanically
strong CNFs are promising reinforcing fibers because of
their large surface area contributing to the good interfacial
adhesion and stress transfer in the composites [9]. Addi-
tionally, electrospun cellulose nanofiber based CNFs
showed good electric conductivity, making them prospec-
tive electrochemical application materials [7, 10, 11].
Besides regenerated electrospun cellulose nanofibers were
used as precursors, native cellulose nanofibers were good
candidates too. For instance, amorphous CNFs of about
20 nm were fabricated by freeze-dried ball-milled cellulose
nanofibers of ca. 50 nm at below 600 °C [12]. CNFs with
diameter of 10-20 nm were synthesized using bacterial
cellulose nanofibers as starting carbon sources, and were
used as supportive scaffolds for biominerization [13].

Unlike the high and ordered graphitization of PAN-
based carbon nanofibers [14], graphitic layers of cellulose-
based carbon nanofibers had no preferred orientation [9].
These layers formed a network, and had no discontinuities
at boundaries of the graphitic crystallites. This observation
is different from the conventional graphitic layers pre-
sented in graphene materials [9, 15]. Thus, most authors
thought they were glassy carbon. When cellulose is car-
bonized at a high temperature, the obtained solid carbon
has a glass-like appearance and cannot be transformed into
crystalline graphite even at 3000 °C and above, so the
glassy carbon is a non-graphitizing carbon [16], with large
amount of micropores and high content of amorphous
carbon, which is quite different from the dense and highly
crystallized CNFs using PAN and pitch as precursors. The
glassy carbon displays high stability against heat, oxidizing
gas, and acid. The oxidation rate of glassy carbon in oxy-
gen, carbon dioxide, or water vapor is lower than that of
any other carbons. With respect to the resistance to acid, it
was demonstrated that normal graphite is reduced to
powder by a mixture of concentrated sulfuric and nitric
acids at room temperature, but glassy carbon is unaffected
by such a treatment, even after several months [17]. The
low reactivity, high hardness, impermeability, and bio-
compatibility of glassy carbon make it a good material for
high temperature crucible, electrode [18, 19], and tissue
engineering scaffold [20].

Different from the carbon nanofibers fabricated from
cellulose nanofibers reported in the literatures [7], glassy
carbon nanofibers (g-CNFs) from electrospun cellulose
precursor nanofibers were prepared in this paper. The
successful fabrication of g-CNFs is able to meet the
resurging interest in the micro- and nano-devices of glassy
carbon materials [21, 22]. The CelluNFs were stabilized at
400 °C and carbonized at 850 and 1400 °C into g-CNFs.
The morphology and crystal structure of the precursor,
stabilized and carbonized nanofibers were characterized by
field emission scanning electron microscopy (FE-SEM),
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transmission electron microscopy (TEM), selected-area
electron diffraction (SAED), and Raman spectroscopy. The
electrical conductivity of the g-CNFs was measured.

Experimental
Materials

Cellulose acetate (CA) (M, = 3.0 x 10* measured by
GPC, 45.8 % acetyl content,) was purchased from Sigma-
Aldrich, USA. Sodium hydroxide (NaOH), N,N-dimethyl-
acetamide (DMAc), acetone, and absolute ethanol were
bought from Sinopharm Chemical Reagent Co., Ltd. All
chemicals were analytical grade and used without further
purification.

Preparation of CelluNFs

CA powder was dissolved in a mixed solvent (acetone and
DMAc, w/w = 2:1) to form a 15 wt% CA spinning solu-
tion. Then it was transferred into a 10-mL syringe with a
blunt stainless needle. The CA nanofibers were fabricated
on a lab setup electrospinning apparatus at 25 °C and 60 %
relative humidity. A positively charged high-voltage power
supply (DW-P303-IAC, Tianjin Dongwen High Voltage
Plant, China) was connected to the needle tip with an inner
diameter of 1 mm, while the ground electrode was con-
nected to a plane collector covered with an aluminum foil.
The voltage was 10 kV, and the distance between the
needle tip and the collector was 20 cm. The feeding rate of
the solution was set at 10 pL/min using a syringe pump
(TS2-60, Longer Precision Pump Co. Ltd, Baoding,
China). The as-spun CA nanofibers were dried in a vacuum
oven at 40 °C for 8 h.

CA nanofibers were removed from aluminum foil and
hydrolyzed in 0.1 mol/L NaOH/ethanol solution at 25 °C
for 24 h, followed by washing with deionized water, until
the water reaches neutral. The full hydrolysis of acetyl
groups was confirmed by the absence of the band at
1752 cm™! (=C = O) in its FTIR spectrum (not shown
here). Afterward, the CelluNFs were air dried for 8 h, and
then vacuum dried at 70 °C for 12 h.

Stabilization and carbonization of CelluNFs

The stabilization and carbonization of CelluNFs were
performed by following the procedures described in the
literatures [7, 9, 11, 23], with slight modification. In a
typical procedure, the CelluNFs were treated in a GSL-
1700X tube furnace (Hefei Kejing Materials Technology
Co., LTD, China). A CelluNF mat was flatly placed in a
crucible without tension, heated to 400 °C at a heating rate
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of 2 °C/min, then held for 1 h for stabilization. The sta-
bilized nanofibers (SNFs) were subsequently heated at a
rate of 2 °C/min to 850 °C, and held for 1 h. These pro-
cesses were carried out under constant flow of high purity
nitrogen. These carbonized nanofibers (C;NFs) were fur-
ther carbonized in argon from 850 to 1400 °C at a heating
rate of 5 °C/min, kept at 1400 °C for 1 h, then cooled
down to room temperature. Such obtained CNFs were
coded as C,NFs.

Characterization

The nanofiber morphology was observed on a field emis-
sion scanning electron microscope (FE-SEM, JSM-
7500LV, JEOL) at 3 kV. Samples were platinum-coated
before observation. The high-resolution TEM images and
SAED patterns were obtained on Tecnai G2 F20 S-TWIN
at an acceleration voltage of 200 kV. For TEM observa-
tion, the nanofibers were suspended in ethanol, sonicated
for 20 min, and then a drop of suspension was placed on a
copper grid. Raman spectrum was performed on an in via
Microscopic Confocal Raman Spectrometer (Renishaw,
England) with semiconductor laser light A = 530 nm at
2 mW, and the integration time was 10 s.

The electrical conductivity (o) of the g-CNF fibers was
measured on their powder instead of a single g-CNF fiber
or a CNF fibrous mat, because a CNF fiber is hard to be
separated from the mat, and the mat is heterogeneous with
large volume of pores. The CNF fibers were milled into
powders in a mortar for 10 min. Using an apparatus for the
preparation of KBr pellet for FTIR, 200 mg of CNF
powders were pressed into circular pellet under 700 MPa
for 2 min. In order to make an effective comparison, all
samples were prepared in the same way. The ¢ was mea-
sured by CHI760c electrochemical workstation (Chenhua,
Shanghai, China) at 30 °C. Five pellets were measured for
each specimen. The ¢ was calculated by

o = D/AR, (1)

where “R” is the electrical resistance in “ohms”, “A” is
the area of the pellet in “cm?”, and “D” is the thickness of
the pellet in “cm”.

Results and discussion
Morphology of nanofibers

In a preliminary study, we carbonized the CelluNFs at
850 °C directly, and found that the product was not in fiber
morphology, instead it was in the form of particle. Thus, a
sequential thermal treatment including stabilization and
carbonization is necessary to retain the fiber morphology

for the carbonized CelluNFs. The stabilization process
involves decomposition and molecular rearrangement of
the polymers [9], making them thermally more stable for
the following carbonization process. It was reported that
CelluNFs were effectively stabilized at 240 °C in air [9]. In
our work, we stabilized the CelluNFs at 400 °C in nitrogen
because relatively higher carbon yield and good carbon
nanofiber morphology were obtained, as compared to
CNFs made after stabilization at 200, 250, 300, and
350 °C. The topographies of CelluNF, SNF, CNF, and
C,NF are shown in Fig. 1. CelluNFs are continuous, rela-
tively uniform in size, and randomly oriented into inter-
woven networks. After stabilization and carbonization
(Fig. 1c-h), nanofibers are still continuous without
noticeable fracture. The average diameters of CelluNF,
SNF, C,NF, and C,NF are 230, 95, 82, and 45 nm,
respectively, showing that the diameter of SNF (Fig. 1c, d)
is substantially reduced to about 40 % of the size of pre-
cursor CelluNF. This is ascribed to the dehydration and
thermal cleavage in cellulose molecular chains during the
course of heating from room temperature to 400 °C. In this
stage, large amount of gaseous products (H,O, CO or/and
CO,) evolves from the pyrolysis of CelluNFs [6]. Com-
pared to the straight morphology of CelluNF, SNF obvi-
ously becomes curled owning to shrinkage during
stabilization. It was reported that major longitudinal
shrinkage occurred in the stabilization stage, whereas that
in the carbonization stage is slight [9]. The morphology of
C;NFs carbonized at 850 °C (Fig. le, f) is very similar to
that of SNFs. However, after carbonization at 1400 °C,
nanofibers become even thinner and rougher, suggesting
further carbonization and graphitization occurred (Fig. 1g,
h).

The C;NF and C,NF are further evaluated by TEM
analysis. The sizes of C;NF and C,NF are ca. 71 and
50 nm, respectively. They display very different surface
morphologies, i.e., the surface of C|;NF is relatively
smooth, while that of C,NF is very rough (Fig. 2). The
HRTEM image of C;NF shows disordered and isotropic
microstructure without obvious graphitic layers. It displays
a granular texture, and tightly packing nanoparticles. The
corresponding SAED patterns display two diffusion dif-
fraction rings which are indexed to (110) and (101) lattice
planes of rhombohedra amorphous carbon (JCPDS No.
26-1079). Obviously, C;NFs are amorphous carbon
nanofibers. At a lower carbonization temperature of
600 °C, amorphous carbon nanofibers were also reported
for the carbonization of the ball-milled cellulose nanofibers
[12]. However, C,NFs, which was carbonized at 1400 °C,
show ribbon-like curled single carbon layers throughout the
sample. These layers are randomly stacked without any
particular sequence, and are enclosed. Such a carbon layer
is a fullerene-related structure, as suggested for the
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Fig. 1 SEM images of a CelluNFs, ¢ SNFs, e C;NFs, and g C,NFs. b, d, f, h are the enlarged images of corresponding fibers

commercial glassy carbon SIGRADUR K&G [24].
Therefore, C,NFs are a typical glassy carbon with a tur-
bostratic carbon structure. At a carbonization temperature
higher than 2000 °C, it has been reported that curved
graphitic walls typically containing entangled two to four
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layer planes are formed in the glassy carbon [9, 24]. Such
entanglement is a resultant of crosslinking by sp>-bonded
carbon atoms [25]. Due to the upper temperature limit of
the furnace used in our work, we were unable to make
glassy carbons at carbonization temperature over 1400 °C.
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Fig. 2 TEM images of a, b C;NFs and ¢, d C,NFs. Insets are the corresponding SAED patterns

But according to the transition trend shown in Fig. 2, it is
highly possible to make a glassy carbon with more than
two graphitic layers looping around each other without
specific orientation [15].

Raman spectroscopy

Figure 3 shows the Raman spectra of CelluNFs, SNFs,
CNFs, and C,NFs. For CelluNFs (Fig. 3a), the band at
1097 cm™! is attributed to the vibration of C—O bond
within the backbone of the cellulose chain. The 2895 cm ™!
band is assigned to the —CH,— symmetric stretching, and
the band at 1461 cm™' is —CH,— bending mode which
contains a very small proportion of C—OH bending. The
899 cm™' is the methylene bending coordinates.
250-550 cm™ " are skeletal-bending modes involving the
CCC, COC, OCC, and OCO internal coordinates. Small
amount of methine bending (CCH and OCH) and skeletal
stretching (C—O and C-C) also contributes in the region
[26]. After stabilization, SNFs (Fig. 3b) show no cellulose

bands but two faint bands at 1354 and 1572 cm_l, assigned
to the respective D and G bands of carbon materials, which
means that the structure of cellulose is changed with
dehydration and thermal scission, resulting in increasing of
carbon content in the course of stabilization. Subsequently,
carbonization of the SNFs at 850 °C further alters their
structure via thermal degradation and molecular rear-
rangement like aromatization, and the remaining product is
mainly composed of carbon [6]. Thus, C;NFs show obvi-
ous D and G bands of carbon materials at 1295 and
1590 cm™ ", respectively. The spectrum of C,NFs is similar
to that of C|NFs, but showing sharper D and G bands
centered at 1295 and 1596 cm™', respectively. It is well
known that D and G bands are both aroused from the
vibration of sp? bond; D band belongs to the A totally
symmetric disorder mode occurring in sputtered or dia-
mond-like carbons, while G band corresponds to the active
E,, line of single-crystalline graphite [27]. It is worth
noting that the D and G bands become sharper and nar-
rower from SNFs to C;NFs and to C,NFs. These are
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Fig. 3 Raman spectra of a CelluNFs, b SNFs, ¢ C;NFs, and d C,NFs

attributable to the increasing aromatic structure coalesced
by the sp” carbons with increasing carbonization temper-
ature [6, 9]. This is consistent with the TEM image
showing more ribbon-like graphitic carbon layers in C,NF.
Besides, the intensity of D band is related to the crystallite
dimension, defect, and impurity of graphite, so the inte-
grated intensity ratio of D to G bands (Ip/Ig) can be used to
characterize the crystal structure and crystallite dimension
[9, 28]. The value of Ip/lg decreases with decreasing of
defects or increasing of graphitization extent. The Ip/lg
values of C;NFs and C,NFs are 3.98 and 3.41, respec-
tively. Such large Ip/lg values indicate that C;NFs and
C,NFs both have low graphite contents, and most of the
carbon are amorphous even though C,NFs exhibit a little
higher graphite content than C;NFs. Interestingly, with
increasing carbonization temperature the D band is 4 cm™'
blue-shifted while the G band is 4 cm ™' red-shifted. These
are ascribed to the dehydrogenation-induced Fermi level
shift during carbonization [29].

Electrical conductivity (o) of g-CNF

The ¢ of cellulose is 10™® S/cm. Thermal treatment may
greatly increase it to 10~* S/cm when treated at 600 °C [6],
and to 3.8 S/cm for cellulose-based carbon nanofibers trea-
ted at 800 °C [7]. The g-CNFs derived from cellulose
nanofibers are fragile. It is hard to measure the electrical
conductivity of a single g-CNF because of difficult separa-
tion it from the mat. Meanwhile, the reproducibility or reli-
ability of the ¢ of the g-CNF mat is poor because of the
heterogeneous structure of the g-CNF mat with high pore
volume (>90 %). Therefore, the o of g-CNF powder was
determined in this work. The ¢ is 8.7 £ 0.3 and
93.5 £ 1.4 S/cm for g-C;NF and g-C,NF, respectively.
Obviously, the conductivity is closely related to the level of
disorder in g-CNF. TEM image demonstrates that highly
disordered amorphous carbon are present in the g-C;NF
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carbonized at 800 °C, whereas much of the disorder is
removed and entangled ribbon-like graphitic carbon layer
networks are formed in the g-C,NF carbonized at 1400 °C.
Raman spectra also quantitatively suggest that more gra-
phitic crystallites are produced in the g-C,NF than that in the
g-C|NF. The more ordered microstructure in g-C,NF leads
to much improved conductivity. The ¢ of g-C;NF is in the
range of amorphous carbon, whereas the ¢ of g-C,NF is
almost in the same order of other polymer-based glassy
carbons. For example, furfuryl alcohol based glassy carbon
nanowire carbonized at 1500 °C had ¢ of 45 S/cm [22], and
phenol formaldehyde based glassy carbon carbonized at
1400 °C showed ¢ of 179.3 S/cm [30]. The g-C,NF with
good electrical conductivity may find potential application in
the carbon based advanced electrochemical materials.

Conclusion

Glassy carbon nanofibers were fabricated via stabilization
and the following carbonization of electrospun cellulose
nanofibers. Stabilization and carbonization did not change
the integrity of nanofiber morphology, but the average
diameter of nanofibers greatly reduced from 230 to 45 nm.
The reduction of nanofiber diameter was caused by the
pyrolysis, depolymerization, aromatization, carbonization,
and graphitization processes. C;NFs and C,NFs both
showed strong D and G bands of carbon, and the value of
Ip/lg was 3.98 and 3.41, respectively. The large Ip/Ig value
confirmed that C;NFs and C,NFs were almost amorphous
carbons, which was consistent with the glassy carbon
structure demonstrated by the TEM images. The glassy
carbon nanofibers showed random network of ribbons
composed of stacked carbon layers. The electrical con-
ductivity of g-CNF was related to its microstructure, which
greatly depended on the carbonization temperature. The
electrical conductivities of g-C;NF and g-C,NF were 8.7
and 93.5 S/cm, respectively. Because of the disordered
graphitic structure in the g-C,NF, its electrical conductivity
was much higher than that of g-C;NF, but much lesser than
that of graphene (~ 10° S/cm, parallel to the basal plane).
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