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A B S T R A C T

We report results on the Forcespinning (FS) of Polyvinylpyrrolidone (PVP) solutions for the preparation/fabri-
cation of carbon fibers (CFs) as anodes for sodium ion batteries (SIBs). The objective of this study is to ma-
nipulate the microstructure of the CFs to improve the intercalation kinetics of the sodium ion into the CF
structure. The as prepared CFs were porous with an average fiber diameter of 1.99 µm. The electrochemical
performance of the CF anodes was investigated by carrying out galvanostatic charge/discharge and impedance
experiments on Na+ half cells. The results show that the CF anodes exhibited a high discharge capacity of
330mAh g−1 at the first discharge (Sodium insertion) and reversible capacity of 88mAh g−1 after 100 cycles at
a current density of 100mA g−1. The results are promising and show that Forcespun CFs are a stepping stone for
anode materials in SIBs.

1. Introduction

Decades have passed since Sony first commercialized the lithium-
ion battery (LIB) in 1991, but its long cycle life and high energy density
characteristics have allowed LIBs to remain the most prominent sec-
ondary energy source in applications such as portable electronics and
electric vehicles [1–4]. However, rising issues with LIBs including cost
and finite amount of lithium from the world’s reserve have paved the
way for extensive research for alternatives [5] to lithium. Sodium ion
batteries (SIBs) have received a great deal of attention as an alternative
secondary energy source that circumvents the aforementioned issues
with LIBs. Due to the widespread availability of sodium and its simi-
larities with lithium, such as its conductive property, SIBs become in-
expensive and more feasible option for large-scale energy storage ap-
plications such as electrical energy storage systems [6–8]. However,
SIBs suffer from reduced energy density and inadequate cycling stabi-
lity severely limiting its advancement into being the leading secondary
energy source for large-scale applications. For these reasons, the de-
velopment of stable anode materials that demonstrate improved per-
formance of SIBs is essential and still ongoing.

A major drawback that arises when identifying an appropriate
anode material for SIBs is the large radius of sodium (i.e.
Na+∼ 1.09 Å) thus making it difficult to intercalate the sodium ion
into the host material [9]. Several materials have been recently in-
vestigated for use as anodes in SIBs such as Na alloys (e.g. Sn, Sb, SnSb,

P, etc.) and some conversion materials such as transition metal oxides,
transition metal sulfide, etc. [10–13]. Hard carbon is also a material
that has been considered as anode materials for SIBs. Hard carbons a
disordered structure with wide interlayer distances that have proven to
be beneficial for sodium storage. However, the major issue with the
transition metal composites and hard carbons is that they suffer from
high-volume expansions resulting in electrode pulverization that could
lead to electrical disconnection between particles within the SIBs
[14,15]. To compensate for the volumetric expansion, the size and
morphology can be manipulated to allow for more reaction sites within
the transition metal composites and hard carbons. Therefore, the size
reduction into the nanoscale and synthesizing porous/hollow
morphologies result in the improved performance of SIBs [16]. Na-
nostructured carbon-based materials such as carbon nanotubes, gra-
phene, nanowires and carbon nanofibers have been extensively used as
alternative anode materials for LIBs and SIBs [17]. Carbon nanofibers
are advantageous due to their flexibility and low cost and are easy to
produce compared to other nanostructured based carbon materials
[17,18].

In most cases, carbon fibers are produced using polyacrylonitrile
(PAN) due to its high carbon content after heat treatment. However, the
high cost of PAN has limited the use of carbon fibers in numerous ap-
plications. Transitioning into low cost water based polymers such as
Poly(vinyl alcohol) (PVA) and Polyvinylpyrrolidone (PVP) to produce
CFs has proven to be an alternative method for the synthesis of CFs and
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paved the way in the production of inexpensive carbon fiber/carbon
fiber composites [19].

Increasing the surface area to volume ratio of the electrode material
is one method used to improve the electrochemical performance of SIBs
and LIBs. The development of nanostructured and binder-free anodes
such as nanofibers, nanotubes, or nanowires has proven to increase the
surface area to volume ratio and minimize the volume-expansion, thus,
improving the energy density and specific power of SIBs [20]. Re-
moving the need for non-conductive binders also increases the potential
to load more active material that could lead to the overall performance
increase of SIBs by eliminating some of the limiting factors associated
with the binder material and by extension, increasing the overall flex-
ibility of the electrode [21,22].

Herein, polymer precursor fibers were prepared via the
Forcespinning® (FS) method and subsequently thermally treated to
yield binder-free carbon microfibers (CMFs) for use as anodes in SIBs.
The Forcespinning® method has previously been used by our group to
fabricate binder-free anodes for lithium-ion batteries (LIBs) [1,2,23,24].
The Forcespinning® method consists of applying centrifugal forces to a
polymer solution to overcome its surface tension, thus forcing the
polymer solution to exit the spinneret orifice resulting in the production
of microfibers. The centrifugal forces are developed or generated or
other word by applying rotational speeds of up to 20,000 rpm to the
spinneret. This method of fabrication has a high fiber yield when
compared to electrospinning and also provides a safer working en-
vironment, without the need of high voltages [25]. Other processing
methods have been also used to produce carbon fibers for use in sodium
ion batteries including the in-house built centrifugal spinning and
electrostatic spinning [26,27]. The morphology and formation of fibers
prepared by these two methods are very different from those prepared
by Forcespinning [24,28]. In fact, the in-house built centrifugal spin-
ning cannot be used to produce fibers at high rotational speeds and it
has no capacity of melt spinning [29]. The Forcespinning method on the
other hand can produce fibers from solution precursors at a high speed
up to 12,000 rpm with the capability of melt spinning at up to
25,000 rpm [30]. In this work, the FS method is used to produce
polymer precursor fibers from PVP polymer solutions in a binary sol-
vent system of ethanol and water. These fibers are then subjected to
thermal treatment in an argon atmosphere to produce the binder-free
flexible CMFs that are directly employed as the anode material in SIBs.
To the best of our knowledge, this is the first time ever to report results
on the Forcespinning of PVP/(water/ethanol) precursor solution for use
as carbon fibers in Sodium ion batteries.

2. Experimental

2.1. Material

Poly(vinylpyrrolidone) (PVP) with an average molecular weight
(Mw) of 1,300,000 was purchased from Sigma-Aldrich USA. Absolute
Ethanol (200 proof) and HPLC Grade Submicron Filtered Water were
both purchased from Fisher Scientific. The Sodium cubes in mineral oil
and Sodium Perchlorate (NaClO4) were purchased from Sigma-Aldrich
USA. Finally, the ethylene carbonate (EC) and dimethyl carbonate
(DMC) were purchased from MTI Corp. USA.

2.2. Preparation of carbon fibrous mats

The polymer precursor was prepared by magnetically stirring 15 wt
% PVP in 85wt% solvent (70:30 wt% Ethanol:H2O) for 24 h. The as-
prepared polymer precursor solution was used to produce polymer
precursor fibers via Forcespinning®. In Forcespinning®, high spinneret
rotational speeds of up to 20,000 rpm generates centrifugal forces that
allow for the formation of fiber jets at the tips of the needles. Initially,
1.5 mL of the prepared solution is injected into the spinneret affixed
with two 30-gauge half-inch regular bevel needles. The rotational speed
of the spinneret was maintained at 8000 rpm for 2min until the solu-
tion was finished. After each run, the polymer precursor fibers were
collected using a 4-in by 4-in cardboard square covered with spun-bond
polypropylene substrate. The square is used to remove the fibers from
the collectors as shown in Fig. 1B. Also in Fig. 1C depicts the fibrous
mat after the fibers have been successfully removed from the poly-
propylene substrate. The fibrous mat is then dried at 120 °C in a vacuum
oven for 16 h prior to heat treatment. The thermal treatment consisted
of stabilization in air at 200 °C followed by carbonization at 435 °C (a
heating rate of 2 °C/min was used throughout) in an argon atmos.

2.3. Electrochemical performance evaluation

The carbon fibers were used as free-standing anodes whose elec-
trochemical performance was studied using a half-cell configuration of
the 2032 cells. The free-standing carbon fiber anodes had a weight
ranging between 2 and 8mg. These masses were used to determine the
current density and specific capacities of the Na+ half cells. Sodium
metal chips were used as the counter electrode, while glass microfibers
were used as the separator. The electrolyte used consisted of a 1M
NaClO4 salt in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1
v/v) solvent. The coin cells were assembled in a high purity argon-filled

15 wt% PVP 
85 wt% (70:30 wt%) Ethanol:H2O 

A B C 

D E 
Fig. 1. The experimental procedure involved in producing CMFs. A PVP precursor solution (A) is Forcespun and collected (B) into a polymer precursor mat (C). The
precursor mat is carbonized (D) to form the carbon fiber mat (E).
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glove box (Mbraun, USA) with O2 and H2O concentrations of< 0.5
ppm. The LANHE CT2001A battery testing system was used to conduct
galvanostatic charge–discharge experiments to assess the electro-
chemical performance of the Na+ half-cells at a current density of
100mA g−1 between 0.01 and 2.5 V. Cyclic voltammetry tests were
performed by the Bio-Logic BCS-810 with a scan rate of 0.1mV s−1, and
electrochemical impedance experiments were performed using the
Autolab 128N with low and high frequencies of 0.1 Hz and 100 kHz,
respectively. Finally, rate performance tests were evaluated at various
current densities of 50, 100, 200, 400, and 500mA g−1. After the final
test at a current density of 500mA g−1, the recovery capabilities of the
carbon fiber anodes were assessed by decreasing the current density to
its initial value of 50mA g−1.

3. Results and discussion

3.1. Morphology and fiber diameter distribution

Scanning Electron Microscopy (Zeiss ΣIGMA VP) was used to ana-
lyze the morphology of the carbon fibers and AxioVision LE (Zeiss) was
used to measure the fiber diameters. It has been previously shown that
solution properties, such as polymer content and Forcespinning para-
meters (rotational speed) can affect the overall fiber diameter [31]. The
resulting measurements are depicted in the fiber diameter distribution
curve (histogram) (Fig. 3), that result from rotational speeds of
8000 rpm with a 15% polymer concentration. Fig. 2A and B shows the
morphology of the carbon fibers. After calcination, the carbon fibers
showed a smooth surface maintaining a solid cross-section.

Also, Fig. 3 shows the histogram and it is observed that many of the
fibers have a diameter in the range of 1.8–2.4 µm with the average fiber
diameter being 1.99 µm, proving that the carbon fibers produced via
Forcespinning® are considered carbon microfibers (CMFs). Since redu-
cing the size of active materials is an efficient way to tackle high vo-
lume change problems introduced by the sodiation and desodiation
processes [16], the size of the CMFs can be an attributing factor to some

of the loss that the sodium anodes suffered during cycling.

3.2. Raman spectra

The Forcespun CMF’s structure was investigated by Raman spec-
troscopy which was evaluated with the Bruker Senterra Raman
Microscope. Fig. 4 shows the Raman spectra results for the CMFs; more
specifically, the characteristic D-band and G-band peaks at 1361 cm−1

and 1585 cm−1 respectively [32]. The D-band peak is representative of
the disordered sp2 phase whereas the G-band peak defines the bond
stretching of all pairs of sp2 atoms in rings and chains [33]. The degree
of disorder is defined by the R-value, calculated from a ratio between
the intensity of the D-band to G-band peaks. The higher the R-value is,
the more disordered the carbon structure is [32,33]. In this case, the R-
value is approximately 1.7 meaning that the structure of the CMFs is
highly disordered. The highly disordered structure can accommodate
some of the volume expansions that these hard carbons undergo during
cycling as well as increase the amount of sodium that can be stored
within the anode material.

4. Electrochemical analysis

4.1. Electrochemical performance

To evaluate the electrochemical performance of the CMF anodes,
cycling performance tests were carried out on Na+ half-cells at a cur-
rent density of 100mA g−1 over 100 cycles. Fig. 5 depicts the sodiation
(charge)/desodiation (discharge) curves of the CMF anodes. These
charge/discharge curves were obtained by testing over a potential
window of 0.01–2.5 V at a constant current density of 100mA g−1. At
the first discharge cycle (sodium insertion), the CMFs show an initial
capacity of 330mAh g−1. However, the charge capacity (sodium
deinsertion) at the first cycle of the CMFs is 106mAh g−1 indicating a
loss in capacity over one-third of its capacity which is mostly due to the
formation of the Solid Electrolyte Interphase (SEI) layer. This can lead

A B 

C D 

Fig. 2. SEM images of the CMFs (A, B) and of the polymer precursor fibers (C, D).
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to a hindrance in the electrical contact between the sodium and the
CMF anode. This hindrance makes the intercalation and deintercalation
of sodium ions during the sodiation and desodiation processes in-
creasingly difficult, ultimately leading the CMFs to show a 100th cycle
capacity of 88mAh g−1.

In fact, the formation of SEI layer on the anode surface in LIBs [34]
is more stable than that formed in SIBs [35]. Metallic sodium anodes
corrode continuously in the presence of organic electrolytes where a
stable SEI cannot be formed [36]. This has been a drawback for the
development of high energy density SIBs with suitable anode material
and optimized electrolyte compositions. Unlike Li metal, metallic Na-
anode exhibits more dendrite formation than Li and has lower melting
temperature which makes it difficult to use as metallic NA-anode in
SIBs. The most important parameter affecting the reversible capacity in
SIBs is the SEI formation at the first cycle. The formation of a SEI
passivation layer on the electrode surface in SIBs is more difficult than
that in LIBs due to the higher solubility of the decomposed products in
sodium-based electrolytes compared to that in Li-based electrolytes
[37]. This is mainly caused by Lewis acidity difference between Li and
Na ions (i.e. higher for Li+ than for Na+). The formation of a stable

Fig. 3. Fiber diameter distribution of the CMFs.

Fig. 4. Raman spectra of the CMFs conducted with the Bruker spectra.
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Fig. 5. Charge/discharge profiles (A) and cycle performance (B) of the CMF
anodes.
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SEI layer at the anode surface in SIBs is very crucial to prevent the
electrolyte from further decomposition during prolonged charge/dis-
charge cycles, thus resulting in high revisable capacity and long cycle
life of the battery [38,39]. For example, the SEI layer formation on hard
carbon electrode in SIBs was different from that on the same electrode
in LIBs where thicker and homogenous SEI layer was observed for the
LIB anode while the SEI layer formed on had carbon in SIBs was thinner
(5–10 nm) and was inhomogeneous [40]. Different additives can be
used to improve the SEI layer formation in LIBs while only one additive,
Fluoroethylene carbonate (FEC), has been considered as an efficient
additive in SIBs confirming the nature of SEI layer formation in LIBs
and SIBs [41]. The most efficient electrolyte used in SIBs to stabilize the
SEI layer formation in SIBs is NaClO2 in Ethylene carbonate (EC):Pro-
pylene carbonate (PC) [42].

Fig. 5 also shows that the initial capacity loss results in the cou-
lombic efficiency of the Na+ half-cell to be ∼32% the majority being
due to the formation of the SEI layer. The low coulombic efficiency of
the carbon fibers at the first cycle is caused by the high surface area to
volume ratio of the fibers, the SEI layer formation at the first discharge
cycle and by the porous structure of the fibers. Unlike electrospinning
or sprayspinning, the Forcespinning of PVP fibers usually results in fi-
bers that are porous due mainly the difference in vapor pressure be-
tween ethanol and water. Ethanol has higher vapor pressure than water
and it tends to evaporate quickly during spinning, leaving water droplet
in the PVP fiber matrix [43]. The high porosity of fibers results in high
surface area and large SEI layer, thus high loss in capacity and low
coulombic efficiency of the carbon fiber anode are observed at the first
discharge/charge cycle (high irreversible capacity). Another potential
reason for a minimal portion of the capacity loss would be the volume
expansion suffered by hard carbons during the sodiation/desodiation
processes. This can be deemed a minimal loss due to the highly dis-
ordered structure of the CMFs that is represented by the R-value in the
Raman spectra (Fig. 4). Although the initial coulombic efficiency of the
CMF anode is low, subsequent cycles show an excellent stable and high
efficiency of ∼99% as depicted in Fig. 5B.

The electrochemical performance of the CMFs was further evaluated
by conducting current rate (or rate capability tests, rate performance
test) experiments of the Na+ half-cells at different current densities.
The CMF anodes were cycled for 10 cycles at various current densities
of 50, 100, 200, 400, 500 and then again at 50mA g−1. This will ex-
emplify the CMF anodes’ ability to perform at higher current densities
as well as evaluate the capacity recovered after being cycled from a
high to low current density. Fig. 6 depicts the rate performance of the
CMF anodes showing desodiation capacities (charge) of 156, 80, 33, 18,
and 10mAh g−1 for current densities of 50, 100, 200, 400, and

500mA g−1, respectively. At higher current densities, the rate of so-
diation and desodiation becomes overwhelming, resulting in low ca-
pacity. Although the capacity at higher current densities is low, the
CMF anodes still recover to a capacity of 94mAh g−1 at the final cur-
rent density of 50mA g−1. The CMF anodes show ∼60% recovery
capability and excellent stability at each individual current density.
This proves that CMF anodes are an excellent preliminary material for
use in SIBs.

4.2. Impedance

In order to investigate the electrochemical performance of the
carbon fibers-anode further, electrochemical spectroscopy (EIS) ex-
periments were conducted on sodium ion half-cells in the frequency
range between 0.1 Hz and 100,000 Hz. The Nyquist plots for the elec-
trochemical impedance before (fresh cell) and after cycling (aged cell)
of the CMFs are shown in Fig. 7. The Nyquist plots of the CMFs before
and after cycling show semicircles in the high and medium frequency
range, followed by a sloping line in the low frequency region. The
semicircles in the high to medium frequency region are associated with
the resistance of the SEI layer (Rf) formed on the CMFs-electrode and
with the resistance of the charge transfer (Rct) at the electrode/elec-
trolyte interface, respectively [44]. The straight line in the low fre-
quency represents the diffusion properties of Na+ within the carbon
fibers-electrode.

As shown in Fig. 7, after 100 cycles, there is an increase in the
diameter of the semi-circle indicating increases (i.e. from the shift to the
right on the Z-real axis) in the resistance of the SEI layer and the charge
transfer. The growth of the SEI passivating layer on the anode creates
resistance to sodium ion flow, which results in an increase in the charge
transfer resistance and the impedance of the anode [39,45]. In addition,
the much longer low-frequency sloping line of CMFs-anode before cy-
cling (fresh cell) is higher than that after 100 cycles (aged cell) in-
dicating that the diffusion of sodium ions into the CMFs-anode is much
faster for the fresh cell than that for the aged SIB cell. The increase in
the charge transfer resistance, Rct, after 100 cycles might be due to the
loss of structural stability of CMFs-anode. Similar results were reported
on the use NiSe2 nanofibers as anodes in SIBs [46]. The lower charge
transfer resistance of the CMF-anode before cycling (fresh cell)
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indicates faster charge-transfer kinetics than that after 100 cycles. The
increase in the overall electrochemical impedance of the CMFs-anode
after 100 cycles, led to a negative effect on the sodium ion kinetics
which correlates with the loss in capacity observed in Fig. 5A.

5. Conclusion

The CMFs exhibit an adequate cycling stability, maintaining
∼90mAh g−1 after 100 cycles at a current density of 100mA g−1.
These preliminary results show that FS allows for the mass production
of CMFs from PVP polymer precursor solutions in a green solvent
mixture that show an acceptable stability and recovery capabilities as
binder-free anodes for SIBs. The electrochemical performance of the
CMFs shows a high irreversible capacity that come mostly comes from
the formation of the SEI layer. There is ongoing work in our laboratory
to try and minimize the loss by changing the morphology of the fiber,
using electrolyte additives that have proven to produce and even SEI
layer, as well as producing fibers from other polymers in a 100% water
solvent solution.
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