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Abstract Porous carbon nanofibers were fabricated by
electrospinning in a precursor solution containing polyacrylo-
nitrile (PAN), polymethyl methacrylate (PMMA), and N,N-
dimethylformamide. During thermal treatment, PMMA de-
composition caused nanofibers to transform from a solid to a
porous structure. Removal of PMMA also decreased the fiber
diameter and increased the pore volume of the carbon nanofi-
bers, resulting in a substantial increase in specific surface area.
We used these web-type fiber films directly without a binder
as an anode for lithium ion batteries. The electrochemical
performance of these 5:5 PAN/PMMA-derived carbon nano-
fibers exhibited a discharge capacity of 446 mAh/g under a
current density of 150 mA/g, which was approximately two
times that of the neat PAN-derived carbon nanofibers. Addi-
tionally, the discharge capacity retention of the 5:5 PAN/
PMMA-derived carbon nanofibers was nearly the same as that
of the neat PAN-derived carbon nanofibers, indicating favor-
able cycle stability.

Keywords Lithium ion battery . Anodematerials . Carbon
nanofibers . Electrospinning

Introduction

Owing to the growing demands of portable electronic devices
and electric vehicles, the development of efficient and high-
capacity storage systems is an urgent task. Rechargeable

lithium ion batteries are considered one of the promising en-
ergy storage technologies because of their high-energy density
and long cycle life. Thus, many studies have focused on ex-
ploring novel materials for the cathode, anode, and electrolyte
components of the battery. Carbon-based materials have fa-
vorable properties, such as low cost, easy obtainability, high
Coulombic efficiency, and safety, and are conventionally
employed as anode materials for lithium ion batteries. How-
ever, to meet the requirements for increasingly demanding
electronic devices and to expand to larger scale applications,
such as utility grids, new types of carbon-basedmaterials must
be developed to improve the electrochemical performance of
batteries.

In recent years, carbon-based materials with various nano-
structures, including carbon nanotubes [1, 2], graphenes
[3–5], and carbon nanofibers [6–9], have been developed to
improve the performance of lithium ion batteries. Among the-
se nanomaterials, carbon nanofibers, which possess a straight,
continuous, and interconnected structure, can increase the
electron-conductive pathway and reduce the distance of lithi-
um ion diffusion, leading to low resistance and high capacity
when used as an anode for lithium ion batteries. Additionally,
they exhibit excellent mechanical strength and can serve as
electrode materials without a binder. Therefore, substantial
efforts have been made to prepare carbon nanofibers through
various approaches [10–12]. Electrospinning, known for its
low cost and simple process, is a fiber preparation technique
[13, 14]. Precursor polymer nanofibers, prepared by
electrospinning and followed by pyrolysis, transform into car-
bon nanofibers. Electrospun carbon nanofibers exhibit favor-
able properties, such as nanometer-sized diameters, high-
specific surface areas, and web morphologies, making them
highly suitable for an anode material.

Many researchers focused on improving the electrochemi-
cal performance of electrospun carbon nanofibers. The idea is
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to fabricate nanostructured fibers to provide high-specific sur-
face area and an open-pore structure. The high-specific sur-
face area allows carbon nanofibers to easily interact with the
electrolyte, resulting in the reduction of the electronic and
ionic transport distances. Simultaneously, the presence of
pores provides additional space for lithium insertion. Ji and
Zhang prepared porous carbon nanofibers by electrospinning
in a polymer solution composed of polyacrylonitrile (PAN)
and poly(L-lactide) (PLLA) [15]. Subsequent thermal treat-
ment allowed PAN carbonization, but eliminated PLLA, to
create pores on the nanofibers. Their porous carbon nanofibers
exhibited a specific capacity of 435 mAh/g at a current density
of 50 mA/g. Following the similar idea, hollow carbon nano-
fibers were prepared by electrospinning using a co-axial noz-
zle in which poly(styrene-co-acrylonitrile) copolymer solution
is in the core and PAN solution is in the shell [16]. The hollow
carbon nanofibers created from the process provided favor-
able electrochemical performance and could also serve as a
container to prepare composite electrodes containing active
materials.

Another strategy to improve the electrochemical perfor-
mance of carbon nanofibers is to implement active materials
in carbon nanofibers [17–25]. These active materials normally
have higher theoretical reversible capacity than the theoretical
reversible capacity of graphite (372 mAh/g). For example,
Wang et al. fabricated carbon–cobalt composite nanofibers
by electrospinning [17]. The addition of cobalt particles in
the carbon nanofibers increased the interfacial surface area
between the fibers and electrolyte. Cobalt particles could also
enhance electrical conductivity of the fibers. As a result, their
composite fibers exhibited a discharge capacity of over
800 mAh/g at a current density of 100 mA/g. Yu et al. incor-
porated tin nanoparticles in porous multichannel carbon fibers
[18]. These composite fibers exhibited a 30 % capacity loss
after the first cycle, but capacity retention remained nearly
100 % after 140 cycles, comparing these to commercial tin
electrodes, which show rapid degradation after 20 cycles. The
encapsulation of nickel nanoparticles in carbon nanofibers
was reported as a potential anode material [19]. Nickel nano-
particles could act as a catalyst for Li2O decomposition and
stabilize solid electrolyte interphase (SEI) layers, leading to
the reduction of irreversible capacities. Although the addition
of active materials to carbon nanofibers considerably in-
creases the specific capacity of fibers, there is an associated
increase in cost. In addition, the volume expansion of active
materials during the charge–discharge process causes
fractures of the conductive network, resulting in poor cycle
stability [26, 27].

In this study, we prepared porous carbon nanofibers via
electrospinning in a PAN/polymethyl methacrylate (PMMA)
precursor solution. PMMA is immiscible with PAN, so mac-
rophase separation occurs during electrospinning. Subsequent
thermal treatment at 800 °C carbonizes PAN, but eliminates

PMMA, leaving pores on the fiber surface. We varied the
concentration of PMMA in the precursor solution and inves-
tigated the effect of added PMMA on fiber morphology and
the electrochemical performance of carbon nanofibers. The
results of this study indicated that the addition of PMMA to
prepare electrospun carbon nanofibers effectively increased
the specific surface area and pore volume of the fibers. The
porous fiber morphology led to a more favorable discharge
capacity when compared to those of the neat PAN-prepared
carbon nanofibers. Although numerous papers have demon-
strated the superior properties of electrospun carbon nanofi-
bers by adding active materials, not much research is focused
on the manipulation of morphology of electrospun carbon
nanofibers for the use as anode materials for lithium ion bat-
teries. The results presented in this paper are of considerable
technological interest showing porous carbon nanofibers
without active materials are promising anode materials for
lithium ion batteries.

Experimental section

Materials

PAN and PMMAwith a molecular weight of 150,000 and 97,
000 g/mol, respectively, were provided by Sigma-Aldrich Co.
N,N-dimethylformamide (DMF, 99.8 %) was purchased from
Macron Chemicals. All the materials were used as received
without further purification.

Preparation of electrospun carbon nanofibers

The precursor solution for electrospinning was prepared by
dissolving various compositions of PAN/PMMA in DMF
with a concentration of 12 wt%. The solution was vigorous
stirred for 24 h at room temperature. A conventional single-
nozzle electrospinning process was carried out at room tem-
perature to create fibers. First, the precursor solution was load-
ed into a 10-mL glass syringe with a 16-G stainless needle tip.
The needle tip was connected to a DC power supply (You-
Shang Technical Corporation) to provide a voltage of 15 kV.
A piece of aluminum foil, placed vertically at a horizontal
distance of 15 cm away from the tip, was used to collect the
electrospun fibers. During electrospinning, the polymer solu-
tion was extruded from the needle at a flow rate of 0.7 mL/h,
controlled by a digital syringe pump (KDS 100, KD Scientif-
ic). The electrospun fibers were collected and air dried to
allow residual solvent to evaporate prior to thermal treatment.
Stabilization was carried out by heating the fibers to 250 °C at
a heating rate of 5 °C/min in air. The temperature was main-
tained at 250 °C for 6 h. Subsequently, the temperature was
elevated to 800 °C at a heating rate of 2 °C/min and the fibers
were carbonized in nitrogen at 800 °C for 1 h.
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Characterization

A JEOL (JSM-6700F) scanning electron microscope and a
Hitachi (SU8010) scanning electron microscope, both
operated at an accelerating voltage of 10 kV, were used to
observe the morphology of the electrospun fibers. Prior to
SEMmeasurement, fibers were sputter-coated with a thin layer
of platinum using a JEOL JFC-1600 coater to enhance image
capture. The average fiber diameter was statistically deter-
mined from SEM micrographs by analyzing a population of
at least 100 fibers per sample. The nitrogen sorption isotherms
were measured at 77 K (ASAP-2020, Micromeritics). Prior to
measurement, the carbon nanofibers were degassed at 200 °C
under vacuum to remove other adsorbed species. The specific
surface area and pore size distribution of carbon nanofibers
were evaluated using the Brunauer–Emmett–Teller (BET)
and Barrett–Joyner–Halenda (BJH) methods, respectively.
The microstructure of carbon nanofibers was determined by a
Rigaku RINT-2000 diffractometer with a source of filtered
CuKα radiation. The measurement was performed at 40 kV
and 40 mA with the diffraction angle (2θ) between 5° and
70° at a scan rate of 4°/min. Raman spectroscopy was
conducted on the carbon nanofibers using a DXR Raman
microscope (Thermo Fisher Scientific) with a laser excita-
tion wavelength of 532 nm at 0.5 mW.

For the electrochemical studies, the electrospun carbon
nanofiber mats were used directly as a binder-free working
electrode. Coin cells (type 2032, Ubiq Technology Co.,
Ltd) were assembled inside an Argon-filled glove box.
Lithium metals (99.9 %, Hongda Energy) served as both
counter and reference electrodes. The electrolyte used was
1 M LiPF6 dissolved in a mixture of ethylene carbonate/
diethyl carbonate/dimethyl carbonate (1:1:1 by volume). A
PP-PE-PP trilayer (Celgard M824, 12 μm) was used as the
separator. Galvanostatic charge–discharge tests were per-
formed between cutoff potentials of 0.01 and 2.80 V versus
Li/Li+ at a constant current density using a battery test
system (BAT750B, Acutech Systems Co., Ltd.). Current
densities were varied between 150 and 900 mA/g. The
cycling stability tests were evaluated with 100 cycles at a
current density of 200 mA/g.

Results and discussion

Morphology and microstructure of electrospun carbon
nanofibers

Figure 1 shows the SEM images of electrospun PAN and
PAN/PMMA fibers. The as-spun fibers exhibited uniformly
cylindrical fibers and randomly arranged morphology without
the appearance of beads. The fiber diameter decreased from
1068±123 nm for the neat PAN fibers to 626±101 and 581±

139 nm for 7:3 (weight ratio) PAN/PMMA- and 5:5 (weight
ratio) PAN/PMMA-derived fibers, respectively. The variation
of fiber diameters was caused by the change in precursor

Fig. 1 SEM micrographs of electrospun polymer fibers. a PAN/
PMMA=10:0; b PAN/PMMA=7:3; and c PAN/PMMA=5:5
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viscosity when the PMMAwas added, which altered the spin-
ning conditions.

Figure 2 shows the morphology of the electrospun fibers
after carbonization. During stabilization and carbonization,
PAN underwent several reactions, including cyclization, dehy-
dration, and crosslinking [28]. Cyclization induced the conver-
sion of nitrile groups (C≡N) to double bond groups (C=N),
leading to a thermally stable cyclized structure. The oxidative
stabilization step created crosslinks between PAN molecules
[29]. Both processes inhibited weight loss and retained the
fiber morphology for the subsequent thermal treatment. By
contrast, PMMA is unable to form a thermally stable
cyclized structure. Instead, it decomposed and was re-
moved during pyrolysis. In Fig. 2a, the carbon nanofibers
prepared using neat PAN exhibited long and bead-free
morphology. By contrast, the PAN/PMMA-derived carbon
nanofibers were uneven and interconnected, particularly for

5:5 PAN/PMMA-derived carbon nanofibers (Fig. 2c, e).
The interconnected structure was attributed to the presence
of PMMA. PMMA is a thermally liable polymer, which
melts during pyrolysis. The PMMA melting softens fibers,
which enables neighboring fibers to attach with each other,
resulting in fiber to fiber connection. The addition of a
thermally liable polymer in PAN to develop an intercon-
nected fiber structure was also reported in several other
works [30, 31]. After carbonization, the fiber diameter de-
creased to 684±53, 401±58, and 344±64 nm for neat
PAN-, 7:3 PAN/PMMA-, and 5:5 PAN/PMMA-derived car-
bon nanofibers, respectively. The shrinkage of all carbon
nanofibers was mainly caused by the release of gases, such
as CO2, CO, NH3, and H2O. The removal of PMMA also
contributed to reduced fiber diameter for the PAN/PMMA-
derived carbon nanofibers. Figure 2 also provides the inner
structure of the nanofibers. As observed in Fig. 2b, neat

Fig. 2 SEM micrographs of
electrospun fibers carbonized
at 800 °C. a and b PAN/PMMA=
10:0; c and d PAN/PMMA=7:3;
and e and f PAN/PMMA=5:5
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PAN-derived carbon nanofibers were internally nonporous.
The introduction of PMMA in precursor solution facilitated
the development of pores and channels inside the carbon
nanofibers (Fig. 2d, f). The inner structure of the carbon
nanofibers was associated to the phase behavior of PAN/
PMMA blends. PAN and PMMA are immiscible and they
phase separate [32]. In addition, because the surface ten-
sion of PAN (36 dyn/cm) is smaller than that of PMMA
(42 dyn/cm) [33, 34], PAN forms the shell and PMMA
forms the core of the nanofibers. During thermal treatment,
the PMMA was burned off, resulting in the pores and
channels inside fibers.

We performed N2 adsorption isotherms on the electrospun
carbon nanofibers to understand the morphological features.
As shown in Fig. 3, the adsorption occurring at relative pres-
sure smaller than 0.2 was contributed by micropores. Con-
versely, the adsorption occurring at relative pressure larger
than 0.8 was caused by mesopores. The specific surface area
calculated using the BET method and the porosity parameters
analyzed using the BJH approach are summarized in Table 1.
Both mesopore volume and micropore volume increased with
PMMA content. For the neat PAN-derived carbon nanofibers,
the pores were generated during thermal treatment because of
the release of gases. The addition of PMMA increased the
mesopore volume considerably, suggesting that the removal
of PMMA also created pores. Other studies have specified that
mesopores enable the diffusion of electrolyte ions into carbo-
naceous materials [35, 36]. By contrast, micropores are not
favorable for rapid ion diffusion since they are not easily wet-
ted by electrolytes. Therefore, preparing carbon nanofibers
with a large number of mesopores is crucial to improve the
electrochemical performance of carbon nanofibers. Table 1
also shows a substantial increase in the specific surface area
of fibers when PMMA is added. This is understandable be-
cause PAN/PMMA-derived carbon nanofibers exhibited
smaller fiber diameter and larger pore volume than the neat
PAN-derived carbon nanofibers did. When used as anode

materials for lithium ion batteries, carbon nanofibers with a
large surface area are accessible to electrolytes. This reduces
electronic and ionic transport length and facilitates rapid
charging and discharging at high current densities.

Figure 4 shows the XRD patterns of electrospun carbon
nanofibers. The PAN-derived carbon nanofibers exhibited
two broad reflections. The strong peak located at 2θ of
approximately 25° corresponds to the (002) graphitic layers
and the weak peak appeared at 2θ of approximately 45°
indicates the (100) turbostratic carbon plane [37]. The ad-
dition of PMMA presented similar characteristic patterns
without remarkable peak shift. From the XRD patterns,
the microcrystallite size of the carbon nanofibers parallel
to the edge plane (Lc) was calculated using the Scherrer
equation [38].

Lc ¼ kλ
Bcosθ

ð1Þ

where k is the Scherrer constant (which is taken as 0.89 in this
work), λ is the wavelength of the incident X-ray beam, and B
is the angular width of the peak at a half maximum intensity.
The calculated microcrystallite sizes of carbon nanofibers are
listed in Table 1. The addition of PMMA caused a slight var-
iation with the microcrystallite size along the c-axis of nano-
fibers. According to the Bragg equation, the interlayer dis-
tance (d002) of the nanofibers was 0.363 nm for all nano-
fibers regardless of the PMMA amount added. The obtain-
ed d002 value was larger than the interlayer distance of
graphite (0.335 nm), indicating that the microstructure of
the electrospun carbon nanofibers is a turbostratic carbon
structure with a slightly mismatched layer sequence [39].
The nearly constant values of both Lc and d002 were attrib-
uted to the immiscibility between PAN and PMMA, caus-
ing phase separation and preventing the occurrence of
structural rearrangement during pyrolysis.

Crystalline perfection of carbon nanofibers was analyzed
using Raman spectroscopy with the results shown in Fig. 5.
Two major peaks, located at approximately 1350 and
1582 cm−1, were assigned as the disorder (D peak) and graph-
ite (G peak) bands, respectively [40]. The D band is associated
with the defect structure, the edge of the carbon planes, or the
disorder structure. By contrast, the G band represents the car-
bon atom sp2 in-plane structure or the highly ordered plane
structure. The intensity ratio of the D and G bands, RI=ID/IG,
represents the graphitization degree of the carbon nanofibers.
A low RI value indicates a dominant ordered structure in the
fibers. As evidenced by Table 1, the RI value of the neat
PAN-derived carbon nanofibers exhibited a relatively large
value, suggesting a high disorder in the fibers. When
PMMA was added, the RI value decreased considerably,
suggesting that the addition of PMMA facilitated the con-
version of disordered carbonaceous components into more
ordered graphite crystallites.Fig. 3 N2 adsorption isotherms of electrospun carbon nanofibers
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Electrochemical performance of electrospun carbon
nanofibers

The electrospun carbon nanofibers were used directly as an-
odes for lithium ion batteries. We performed the galvanostatic
charge–discharge and cycle life tests to determine the electro-
chemical performance of the fibers. Figure 6a shows the gal-
vanostatic charge–discharge curves of the various carbon
nanofibers in the first discharge and charge cycle at a current
density of 150 mA/g. During discharge, lithium ions were
inserted into carbon nanofibers, causing a substantial reduc-
tion of the cell potential from the open circuit potential to a
potential between 0.75 and 1.2 V. The potential reached a
plateau, which lasted until the specific capacity reached ap-
proximately 200 mAh/g. After the plateau, the potential de-
creased slowly to a cutoff potential. During charge, the cell
potential increased gradually to a cutoff potential without the
occurrence of a plateau. The cells exhibited initial discharge
specific capacities of approximately 500, 800, and 950 mAh/g
for the PAN-, 7:3 PAN/PMMA-, and 5:5 PAN/PMMA-
derived carbon nanofibers, respectively. However, the follow-
ing charge specific capacities were only 250, 420, and
500 mAh/g for the PAN-, 7:3 PAN/PMMA-, and 5:5 PAN/
PMMA-derived carbon nanofibers, respectively. The differ-
ence between the discharge and charge specific capacities is
the irreversible capacity. The irreversible capacity of all the

carbon nanofibers was approximately 40–50 % of the initial
discharge capacity. The irreversible capacity was attributed to
the development of the SEI layer [41] or structural defects that
consumed additional lithium ions [42, 43]. The SEI layer oc-
curred because of the decomposition of the electrolyte in car-
bonaceous materials during the discharge process, preventing
further solvent reduction in subsequent discharge processes.
The SEI layer was insulated by electrons but did not prevent
the diffusion of unsolvated lithium ions. Because the reactions
associated with the formation of the SEI layer were irrevers-
ible and consumed excess lithium ions, they induced irrevers-
ible capacity. As suggested by Kim et al. [44], the reversible
intercalation of Li ions occurred only in graphitic sheets.
Therefore, a large fraction of the irreversible capacity for the
PAN- and PAN/PMMA-derived carbon nanofibers was be-
cause of insufficient development of the carbonized micro-
structure, which is also confirmed by the Raman spectra.
When the discharge–charge process was lasted to the 10th
cycle as presented in Fig. 6b, we only observe a gradual de-
crease of the cell potential during discharge without the ap-
pearance of a plateau for any of the samples. Additionally, the
discharge and charge specific capacities were nearly equal,
suggesting that no irreversible reactions occurred. The dis-
charge specific capacity of the neat PAN-derived carbon nano-
fibers in the 10th cycle was 211 mAh/g. When PMMA was
added, the discharge specific capacity increased to 343 and

Table 1 The structural properties of various carbon nanofibers after pyrolysis

Sample D (nm) SA (m2/g) Vt (cm
3/g) Vmeso (cm

3/g) Vmicro (cm
3/g) Lc (nm) d002 (nm) RI

PAN/PMMA 10:0 684 170 0.127 0.049 0.078 0.862 0.363 1.55

PAN/PMMA 7:3 401 234 0.294 0.205 0.089 0.768 0.363 1.35

PAN/PMMA 5:5 344 306 0.329 0.208 0.121 0.704 0.363 1.38

D fiber diameter; SA specific surface area; Vt total pore volume;Vmesomesopore volume (1.7–300 nm);Vmicromicropore volume (<1.7 nm), calculated by
Vt−Vmeso; Lc stacking size; d002 interlayer spacing of crystallite

Fig. 4 XRD patterns of electrospun carbon nanofibers Fig. 5 Raman spectra of electrospun carbon nanofibers
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446 mAh/g for 7:3 PAN/PMMA- and 5:5 PAN/PMMA-
derived carbon nanofibers, respectively. The 5:5 PAN/
PMMA-prepared fibers exhibited a specific capacity greater
than the theoretical value of graphite.When graphite is used as
an anode material, lithium is only intercalated between gra-
phitic layers, forming LiC6. By contrast, when the low-
crystalline carbon materials are used as an anode material,
lithium is not only intercalated between graphitic layers but
also located at the edge of the graphitic layer and on the
surface of the crystallite. The three kinds of interaction
between carbon and lithium allow the low-crystalline carbon
materials to store more lithium than graphite [45, 46]. Addi-
tionally, the carbon materials thermally treated at low temper-
atures exhibit internal porosity and heteroatoms, which can
also contribute to the specific capacity [47]. Therefore, the
electrospun fibers can possess a specific capacity higher
than graphite.

Figure 7 shows the rate capability of PAN- and PAN/
PMMA-derived carbon nanofibers at current densities of
150, 300, 600, and 900 mA/g. For these measurements, we
repeated 10 cycles for each current density. After 10 cycles
for all the current densities, the specific capacity reached nearly
a constant value, indicating that the carbon nanofibers were
stable at those current densities. Table 2 lists the specific ca-
pacity of the carbon nanofibers obtained at various current
densities. The specific capacity of the carbon nanofibers

decreased with an increase in the current density. Once again,
the PAN/PMMA-derived carbon nanofibers exhibited a
greater specific capacity at each current density than the
neat PAN-derived carbon nanofibers did. The addition of a
higher amount of PMMA could further increase the specific
capacity. The enhanced specific capacity of the PAN/
PMMA-derived carbon nanofibers is attributed to the great
number of mesopores and the high-specific surface area as
well as the porous structure inside the fibers. These struc-
tures increased the active area of the carbon nanofibers and
provided favorable contact with the electrolyte. Table 2 also
shows the similar capacity retention for the various carbon
nanofibers at each current density. The similar capacity re-
tention of all the samples at each current density is attribut-
ed to the characteristics of the carbon nanofibers, providing
favorable electron pathways and mechanical properties when
used as an anode for lithium ion batteries.

Cycle life performance testing of the electrospun carbon
nanofibers was conducted between 0.01–2.80 V at room tem-
perature and the results are shown in Fig. 8. In the test, the cells
were initiated at a current density of 100 mA/g for the first
cycle, and then at a constant current density of 200 mA/g for
a total of 100 cycles. For the electrospun carbon nanofibers, the

Fig. 6 Galvanostatic charge–discharge profiles of electrospun carbon
nanofibers cycled at a current density of 150 mA/g. a 1st cycle and b
10th cycle

Fig. 7 Rate capacity of electron carbon nanofibers operated at different
current densities

Table 2 The rate capacity of electrospun carbon nanofibers at various
current densities

Sample PAN/PMMA 10:0 PAN/PMMA 7:3 PAN/PMMA 5:5

Current
density
(mA/g)

Specific
capacity
(mAh/g)

Capacity
retention
(%)

Specific
capacity
(mAh/g)

Capacity
retention
(%)

Specific
capacity
(mAh/g)

Capacity
retention
(%)

150 211 100 343 100 446 100

300 162 77 255 74 352 80

600 128 61 192 56 279 62

900 107 51 166 48 256 53
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discharge capacity of the first cycle was 700–900 mAh/g,
but the discharge capacity of the second cycle was reduced
to 300–470 mAh/g. This was caused by both the formation
of the SEI layer and the increased current density. After
the second cycle, the discharge capacity decreased slightly
and reached a near constant value at the end of the test.
The steady cycle life performance suggested that the web
morphology of the carbon nanofibers increased the stability
of the fiber films. Figure 8 also shows the Coulombic

efficiency, which is defined as the discharge capacity di-
vided by the charge capacity of the same cycle. Because of
the irreversible capacity caused by the formation of the
SEI layer, the Coulombic efficiency of the first cycle was
lower than 60 % for all samples. For the following cycles,
the Columbic efficiency increased to almost 100 %, indi-
cating that the electrospun carbon nanofibers were highly
reversible during the charge and discharge processes. At
the end of the test, the neat PAN-, 7:3 PAN/PMMA-,
and 5:5 PAN/PMMA-derived carbon nanofibers exhibited
discharge capacities of 218, 278, and 354 mAh/g, which
corresponds to 67, 66, and 67 % retention in relation to
the second discharge capacity. Our results suggest that the
porous carbon nanofibers prepared by adding PMMA in a
precursor solution improved the discharge capacity. Addi-
tionally, the web morphology provided favorable stability.
The combination of these effects allows the porous carbon
nanofibers to serve as a promising anode material for lith-
ium ion batteries. The porous carbon nanofibers have ap-
plications not only in lithium ion batteries but also in
supercapacitors, fuel cells, gas adsorption, and the removal
of heavy metal ions [30, 48, 49].

Conclusion

In this study, we fabricated porous carbon nanofibers by
electrospinning in a solution composed of PAN and PMMA
to create lithium ion battery anode material. Because of the
immiscibility of PAN and PMMA, they phase separated dur-
ing electrospinning. Subsequent thermal treatment caused
PAN carbonization and PMMA elimination, resulting in the
formation of porous carbon nanofibers. The fiber diameter
decreased with added PMMA content in the precursor solu-
tion. The addition of PMMA also facilitated the development
of mesopores and micropores. The increased number of pores
and decreased fiber diameter resulted in an increase in the
specific surface area.

Electrochemical measurements on the electrospun carbon
nanofibers revealed that the PAN/PMMA-derived carbon
nanofibers exhibited a higher discharge specific capacity than
the neat PAN-derived carbon nanofibers did for all tested cur-
rent densities. The superior electrochemical performance of
the PAN/PMMA-derived carbon nanofibers was attributed to
the dominant mesopore volume and the high-specific surface
area, which provided favorable contact between the fibers and
electrolyte and facilitated the diffusion of electrolyte ions into
the material. The 5:5 PAN/PMMA-derived carbon nanofibers
exhibited a discharge capacity of 446 mAh/g at a current
density of 150 mA/g. They exhibited a discharge capacity
of 354 mAh/g after 100 cycles at a current density of
200 mA/g corresponding to 67 % retention, demonstrating
the favorable cycle stability.

Fig. 8 Cycling performance of electron carbon nanofibers at a current
density of 200 mA/g. a PAN/PMMA=10:0; b PAN/PMMA=7:3; and c
PAN/PMMA=5:5
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