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HIGHLIGHTS

o Centrifugal spinning is performed to fabricate porous carbon microfibers.

e Porous carbon microfibers are evaluated as anode material in sodium-ion batteries.
o Specific capacity of porous carbon microfibers at the 200th cycle is 242 mAh g™,

e Porous carbon microfibers show stable cycling performance of 89% over 200 cycles.
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Natural abundance and low cost of sodium resources bring forward the sodium-ion batteries as a
promising alternative to widely-used lithium-ion batteries. However, insufficient energy density and low
cycling stability of current sodium-ion batteries hinder their practical use for next-generation smart
power grid and stationary storage applications. Electrospun carbon microfibers have recently been
introduced as a high-performance anode material for sodium-ion batteries. However, electrospinning is
not feasible for mass production of carbon microfibers due to its complex processing condition, low
production rate and high cost. Herein, we report centrifugal spinning, a high-rate and low-cost micro-
fiber production method, as an alternative approach to electrospinning for carbon microfiber production
and introduce centrifugally-spun carbon microfibers (CMFs) and porous carbon microfibers (PCMFs) as
anode materials for sodium-ion batteries. Electrochemical performance results indicated that the highly
porous nature of centrifugally-spun PCMFs led to increased Na™ storage capacity and improved cycling
stability. The reversible capacity of centrifugally-spun PCMF anodes at the 200th cycle was 242 mAh g,
which was much higher than that of centrifugally-spun CMFs (143 mAh g~1). The capacity retention and
coulombic efficiency of the centrifugally-spun PCMF anodes were 89.0% and 99.9%, respectively, even at
the 200th cycle.
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1. Introduction

Exploring clean and sustainable energy sources is very crucial
for the human society because our world is facing ever-growing
global warming and inevitable energy crisis. Since harvesting nat-
ural energy sources such as wind, solar and hydropower are mainly
depend on environmental conditions, they must be efficiently
stored during the energy sourcing pick time for use when needed
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[1-3]. Rechargeable batteries store the energy efficiently without
greenhouse gas emission and have been considered as one of the
most promising technologies for renewable energy storage [4,5].
Because of their distinguished features, including high energy
density, durable cycling stability and good power performance,
rechargeable lithium-ion batteries have been counted as the most
preferred battery technology for portable devices and electric ve-
hicles [6,7]. However, ever growing cost of lithium due to limited
reserves of lithium element in the earth crust hinders the use of
lithium-ion batteries for large-scale applications, such as smart
power grids and stationary energy storage [3,8]. Nowadays,
ambient temperature sodium-ion batteries are regarded as one of
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the most promising alternatives to lithium-ion batteries for large-
scale applications, due to the low cost and abundance of sodium
resources [9,10]. However, insufficient energy density and poor
cycling stability of current sodium-ion batteries prevent their
practical implementation for advanced energy storage systems. The
development of anode materials with enhanced capacity and
cycling stability for sodium-ion batteries will be critically impor-
tant for technological improvements on smart electric grids and
stationary energy storage [11—13].

Discovering an appropriate anode material with adequate Na-
insertion capacity and cycling capability is extremely crucial
because the radius of Na ions (~1.09 A) is much larger than that of Li
ions (~0.74 A), which makes intercalation and deintercalation
processes of sodium-ion batteries quite distinctive than those of
lithium-ion batteries [ 14,15]. Graphite is a good example to indicate
the importance of this matter. As pointed out in many similar
studies, although graphite is a widely-used anode material in cur-
rent lithium-ion batteries, it can barely store sodium ions in its
layer structure [16]. On the other hand, hard carbon has been re-
ported as a convenient anode for Na insertion because of its
disordered nature and wide interlayer distance [17]. Recently,
transition metals (e.g., tin, antimony, and germanium) and their
oxides, which intercalate Na ions based on conversion mechanism
and exhibit much higher capacities than that of graphite, have been
studied as potential anode materials for Na-ion batteries [18,19].
However, insertion of sodium ions into these anodes results in large
volumetric change, which leads to severe pulverization and
demolishing of electrical contact between the active material and
carbon conductor [15,20]. These drawbacks bring together intense
capacity loss during the sodium insertion and extraction processes.
Currently, reducing the size of active materials into the nanoscale
range is considered as one of the most efficient methods for elim-
inating the volume change problem [20,21].

Recently, micro- and nanostructured carbonaceous materials,
such as nanospheres, nanotubes, and microfibers, have been widely
examined as anode material for lithium-ion and sodium-ion bat-
teries [22]. Among these micro- and nanostructured carbonaceous
anodes, carbon microfibers (CMFs) and CMF-based composites
have drawn great attention due to their high cyclability and rate
capability features. Most CMFs and CMF-based composites intro-
duced for lithium-ion and sodium-ion batteries have been syn-
thesized through the electrospinning of polymer precursor fibers
and subsequent carbonization processes [18,22,23]. Although the
electrospinning method is versatile for altering fiber diameter and
morphology, it is not considered an appropriate approach for mass
production of CMFs because of its low production rate, high cost,
complex processing condition and safety concern [24,25]. In recent
years, centrifugal spinning has gained great attention as a low-cost
and highly efficient alternative method for synthesizing microfibers
for large-scale applications [26]. To this end, centrifugal spinning
has been widely investigated to fabricate both polymeric and
inorganic micro and nanofibers for different applications such as
mechanical enforcement, tissue engineering, and energy storage
[27—30]. Herein, we report the preparation of CMFs as an anode
material for sodium-ion batteries by the centrifugal spinning of
polyacrylonitrile (PAN) precursor, followed by carbonization. To
increase the active sites for Na storage, porous carbon microfibers
(PCMFs) were also fabricated by the centrifugal spinning and
carbonization of a mixture of PAN and polymethyl methacrylate
(PMMA) precursors. During the carbonization process, PAN was
pyrolyzed to carbon while PMMA was thermally degraded to form
nanoscale pores in the resultant carbon microfiber matrix. Elec-
trochemical performance studies reveal that the high porosity of
centrifugally-spun PCMFs resulted in increased Na' storage ca-
pacity and improved cycling stability. At the 200th cycle, the

reversible capacity of centrifugally-spun PCMF anodes was
242 mAh g~!, which was much higher than that of centrifugally-
spun CMFs (143 mAh g~!). The capacity retention and coulombic
efficiency of the centrifugally-spun PCMF anodes were 89.0% and
99.9%, respectively, even at the 200th cycle. These results demon-
strate that centrifugal spinning is a promising alternative to elec-
trospinning in fabricating PCMF anode materials with increased
Na* storage capacity and improved cycling stability.

2. Experimental
2.1. Chemicals

Polyacrylonitrile (PAN, Pfaltz & Bauer Inc., 150,000 g mol~'),
polymethyl methacrylate (PMMA, Aldrich, 120,000 g mol~!) and
N,N-dimethylformamide (DMF, Aldrich) were used without further
purification.

2.2. Centrifugal spinning of PAN and PAN/PMMA precursor fibers

PAN and PAN/PMMA precursor fibers were fabricated by cen-
trifugal spinning of PAN and PAN/PMMA blend solutions, respec-
tively. To this end, two different DMF solutions of 15 wt% PAN and
15 wt% PAN/PMMA blend (PAN-to-PMMA mass ratio = 1/1) were
prepared and mechanically stirred for 24 h at 70 °C. PAN and PAN/
PMMA precursor fibers were fabricated by using a lab-scale cen-
trifugal spinning device. Fig. 1 shows the schematic illustration of
the centrifugal spinning apparatus and the fabrication process of
PAN and PAN/PMMA precursor fibers. The centrifugal spinning
device used in this study was composed of a perforated Teflon
spinneret placed in the center of the spinning apparatus, a motor
connected to the spinneret to provide high-speed rotation, a speed
controller to tune the rotational speed of the spinneret, and a series
of fiber collector rods placed radially in the outer perimeter of the
Teflon spinneret. The spinneret was in a cylindrical shape with
1.5 cm in radius and 2 cm in height, and it had two nozzles with
inner diameter of 0.4 mm on the sidewall. The distance from the
spinneret to rod collectors was 10 cm. For the fabrication of
centrifugally-spun PAN and PAN/PMMA precursor fibers, PAN/DMF
and PAN/PMMA/DMF solutions were loaded into the Teflon spin-
neret and the rotation was started. Spinning process of PAN/DMF
and PAN/PMMA/DMF solutions was performed with a rotational
speed of 4000 rpm at room temperature. Centrifugally-spun pre-
cursor fibers were collected on aluminum rods placed around the
spinneret.

2.3. Synthesis of nonporous and porous carbon microfibers

CMFs and PCMFs were prepared by the thermal treatment of
centrifugally-spun PAN and PAN/PMMA precursor fibers. During
preparation, PAN and PAN/PMMA fibers were initially stabilized in
air atmosphere at 280 °C for 5.5 h with a heating rate of 5 °C min~!
and further carbonized at 700 °C for 2 h in argon environment with
a heating rate of 2 °C min~!, during which PAN was converted to
carbon while PMMA was thermally decomposed to form nanoscale
pores in the carbon matrix.

2.4. Structure characterization

The morphology of centrifugally-spun CMFs and PCMFs was
investigated by field emission scanning electron microscope (FE-
SEM, FEI Verios 460L) and scanning transmission electron micro-
scope (STEM, JEOL 2000FX). The structure of microfibers was
examined by Fourier transform infrared spectroscopy (FTIR, Nicolet
Nexus 470) and wide angle X-ray diffraction (WAXD, Rigaku
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Fig. 1. Schematic illustration of centrifugal spinning of PAN and PAN/PMMA precursor fibers.

Smartlab).

2.5. Electrochemical evaluation

The electrochemical properties of centrifugally-spun CMFs and
PCMFs were examined using CR 2032-type coin cells. The working
electrodes were prepared by a mixed slurry of 80% centrifugally-
spun CMFs and PCMFs, 12% carbon black, and 8% sodium-alginate
binder dissolved in deionized water. The as-prepared slurry was
coated onto a copper foil as current collector and dried at 80 °C for
12 h. Then thickness of each electrode was around 1.5 mm. The
dried electrodes were punched into circular disks with 0.5 inches in
diameter. Pure sodium metal (Aldrich) was used as the counter
electrode, and glass fiber mat (Whatman) was used as the sepa-
rator. The electrolyte was prepared by dissolving 1 M sodium
perchlorate (NaClO4) in ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1 in volume). Coin cells were assembled in a
high-purity argon-filled glove box. Cyclic voltammetry (CV) tests
were conducted using Reference 600 Potentiostat/Galvanostat/ZRA
(GAMRY). Galvanostatic charge-discharge tests were conducted at
constant current density of 50 mA g~! with cut-off potentials of
0.01 and 3.00 V using LAND-CT 2001A battery tester. The rate
performance was tested using the same instrument at current
densities of 50, 100, 200, 400, and 800 mA g‘]. The overall repro-
ducibility of the electrochemical testing results was affirmed by
conducting all measurements on at least fifteen samples for each
electrode.

3. Results and discussion
3.1. Morphology and structure

PAN and PAN/PMMA precursor fibers were first fabricated by
centrifugal spinning. The morphology of centrifugally-spun PAN
and PAN/PMMA precursor fibers was examined by SEM. As shown
in Fig. 2(A—D), the surface morphologies of both PAN and PAN/
PMMA precursor fibers are similar. Both precursor fibers demon-
strate smooth surface without visible bead formation. It is seen
from the SEM images of PAN and PAN/PMMA precursor fibers that

the diameters of both PAN and PAN/PMMA precursor fibers are very
similar.

CMFs and PCMFs were prepared by the thermal treatment of
centrifugally-spun PAN and PAN/PMMA precursor fibers.
Fig. 2(E—H) shows the plane-viewed and cross-sectional SEM im-
ages of centrifugally-spun CMFs and PCMFs. It is seen from the
plane-viewed SEM images that both centrifugally-spun CMFs and
PCMFs exhibit continuous fibrous morphology without obvious
bead formation (Fig. 2E and G). On the other hand, the cross-
sectional SEM image of PCMFs demonstrates the formation of a
vast quantity of internal pores and surface roughness (Fig. 2H),
which cannot observed for CMFs (Fig. 2F). The porous structure of
PCMFs was created by the decomposition of PMMA during the
thermal treatment process. TEM images of centrifugally-spun CMFs
and PCMFs are also used as complimentary evidence to show the
porous nature of the PCMFs (Fig. 3). It is seen that a multi-channel
porous architecture was formed in centrifugally-spun PCMFs.

The X-ray diffraction (XRD) patterns of centrifugally-spun CMFs
and PCMFs are presented in Fig. 4(A). It is seen that both CMFs and
PCMFs exhibit a broad and weak diffraction peak at around
260 = 25°, which could be indexed as the (002) planes of disordered
carbon structure, indicating the amorphous nature of CMFs and
PCMFs [31,32]. The interlayer spacing (doo2) of PCMFs is calculated
to be ~0.36 nm, which is higher than that of graphite (0.336 nm). On
the other hand, interlayer spacing (dgg2) of CMFs was ~0.35 nm.
Turbostratic structure and large interlayer spacing between gra-
phene sheets of carbonaceous anodes are essential for the revers-
ible sodium ion storage.

The structural evolution of centrifugally-spun CMFs and PCMFs
was also investigated by Raman spectroscopy. Fig. 4(B) shows the
Raman spectra of centrifugally-spun CMFs and PCMFs. For both
CMFs and PCMFs, the characteristic carbon peaks of D-band
(1360 cm™ 1), representing the disordered sp? phase, and G-band
(1582 cm™!), indicating the in-plane stretching vibration mode of
E»g graphite, can be observed [33,34]. The relative intensity ratio
(i.e., R-value) of D-band to G-band demonstrates the degree of
disorder in the structure. Typically, a higher R-value indicates a
higher degree of disorder within the carbon structure [33,35]. As
demonstrated in Fig. 4(B), the R-values of the centrifugally-spun
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Fig. 2. SEM images of centrifugally-spun PAN microfibers (A and B), PAN/PMMA microfibers (C and D), and corresponding CMFs (E and F) and PCMFs (G and H), respectively.

CMFs and PCMFs are 0.97 and 1.12, respectively. This reveals that
centrifugally-spun PCMFs are more disordered than nonporous
CMFs.

3.2. Electrochemical performance

Cyclic voltammetry (CV) and galvanostatic charge-discharge
tests were carried out to evaluate the electrochemical perfor-
mance of centrifugally-spun CMFs and PCMFs for use as anodes in
sodium-ion batteries. Cyclic voltammetry (CV) tests were per-
formed between 0 and 3 V with a scan rate of 0.1 mV s~ ! to reveal
the electrochemical behavior of CMFs and PCMFs, and the results
are shown in Fig. 5. For CMFs, three-cathodic peaks are observed at

around 1.28, 0.50, and 0 V during the first scan (Fig. 5(A)). The first
peak at 1.28 V is attributed to the reaction of sodium ions on the
carbon microfiber surface [36]. This peak is preserved in the sub-
sequent cycles even though it becomes more prominent, demon-
strating that the reaction is partially reversible. The irreversible
peak at 0.50 V is ascribed to the decomposition of sodium elec-
trolyte and subsequent solid electrolyte interphase (SEI) formation
[16]. The third cathodic peak located at around 0 V corresponds to
the insertion of sodium ions into porous carbon [37]. In the anodic
scan of PCMFs, a small peak indexed at around 0.2 V in the first and
subsequent cycles is ascribed to the extraction of sodium ions from
porous carbon [36]. Comparing Fig. 5(A) and (B), it is observed that
the CV behaviors of PCMFs are similar to that of CMFs excepting
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curves in the subsequent cycles remain almost the same, revealing
good electrochemical reversibility of the CMFs and PCMFs
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electrodes.

Galvanostatic charge-discharge measurements were conducted
between 0.01 and 3.0 V at a constant current density of 50 mA g~}
to investigate the electrochemical performance of centrifugally-
spun CMFs and PCMFs. Fig. 6 shows the galvanostatic charge-
discharge profiles for the first, second and fifth cycles of CMFs
and PCMFs. It is observed from Fig. 6 that a sloping-voltage region
at higher voltages and a voltage plateau at lower potentials can be
identified in the first discharge curves of both CMFs and PCMFs. The
low-voltage plateau represents the sodium insertion into the
structurally disordered carbon microfibers. On the other hand, the
sloping region on the first discharge curve could be attributed to
various insertion mechanisms such as adsorption of Na* ions on
both sides of single graphene layers or formation of partly revers-
ible bonds of sodium with C—H group [38].

From Fig. 6, it is also seen that PCMFs exhibit higher initial so-
dium storage capability than CMFs. At the first cycle, the discharge
capacities are 227 and 469 mAh g, respectively, for CMFs and
PCMFs. At the second cycle, the discharge capacities of CMFs and
PCMFs reduce to 183 and 297 mAh g, respectively. Electro-
chemical test results demonstrate that, compared with CMFs, the
highly porous nature of PCMFs leads to higher Na™ insertion ca-
pacities. Higher charge-discharge capacity of the PCMFs is attrib-
uted to the beneficial structural properties of these fibers such as
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Fig. 6. Galvanostatic charge-discharge profiles of centrifugally-spun CMFs (A) and
PCMFs (B).

short diffusion pathway for both sodium ions and electrons,
numerous active sites for charge transfer reaction and good elec-
trical conductivity acquired by well interconnected neighboring
microfibers. During the initial cycle, both CMFs and PCMFs exhibit
relatively high irreversible capacities due to the electrolyte
decomposition and solid electrolyte interphase (SEI) formation. The
first-cycle coulombic efficiencies of CMFs and PCMFs are 77.5% and
58.0%, respectively. The coulombic efficiencies of CMFs and PCMFs
increase to 93.0%, and 97.7%, respectively, at the fifth cycle.

The cycling performance of CMFs and PCMFs was evaluated at a
constant current density of 50 mA g~ ! and results are demonstrated
in Fig. 7. The capacity of CMFs at the 200th cycle is around
143 mAh g, corresponding to a capacity retention of 80.6%. CMFs
also exhibits a high coulombic efficiency of 99.9% at the 200th cycle.
On the other hand, the capacity of PCMFs is around 242 mAh g~ ! at
the 200th cycle, with a corresponding capacity retention of 89.0%,
which is much higher than that of CMFs. PCMFs also demonstrate a
high coulombic efficiency of 99.8% at the 200th cycle. Cycling
performance results demonstrate that the porous nature of PCMFs
not only increases Na* storage capacity but also ensures better
cycling stability. It should also be noticed that for both CMFs and
PCMFs, the capacity loss mainly occurs in the first 30 cycles, after
which the coulombic efficiency approaches approximately 98.0% or
higher.

The rate capability of CMFs and PCMFs was investigated under
different current densities and the results are demonstrated in
Fig. 8. The average charge capacities of CMFs are around 155, 120,
82, 47, and 27 mAh g, respectively, at 50, 100, 200, 400, and
800 mA g~ ! (Fig. 8(A)). The coulombic efficiency does not exhibit
prominent change as the current density increases and it remains
as high as 99.6% even at the highest current density of 800 mA g~ .
After undergoing cycles at higher current densities, the charge ca-
pacity value returns to 147 mAh g~ ' under a reduced current
density of 50 mAh g~'. On the other hand, the average charge ca-
pacities of PCMFs are around 252, 224, 200, 172, and 138 mAh gfl,
respectively, at 50, 100, 200, 400, and 800 mA g~! (Fig. 8(B)). The
charge capacity value returns to 241 mAh g~! under a reduced
current density of 50 mAh g~! after ongoing cycles at higher cur-
rent densities. This charge capacity (241 mAh g~1) is very close to
the initial charge capacity, which also indicates the good rate
capability of PCMFs. Similar to CMFs, the coulombic efficiency of
PCMFs does not show remarkable change as the current density
increases and it remains at 99.9% even at the highest current
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density of 800 mA g~ These electrochemical results demonstrate
that centrifugally-spun PCMFs are a promising anode material for
sodium-ion batteries in high rate applications.

4. Conclusions

CMFs and PCMFs were fabricated by centrifugal spinning of PAN
and PAN/PMMA precursor solutions followed by subsequent two-
step thermal treatment, oxidation and carbonization, and were
investigated as anode materials for sodium-ion batteries. The
PMMA ingredient of PAN/PMMA precursor fibers led to the for-
mation of highly porous structure for PCMFs, which helped ensure
the increased Na™ storage capacity and improved cycling stability
when used in sodium-ion batteries. Electrochemical test results
demonstrated that the capacity of PCMFs was around 242 mAh g~
at the 200th cycle, which was much higher than that of CMFs
(143 mAh g~1). The capacity retention and coulombic efficiency of
PCMFs were 89.0% and 99.9%, respectively, at the 200th cycle.
Therefore, it was demonstrated that centrifugally-spun PCMFs are
promising anode candidate for next-generation sodium-ion
batteries.
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