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Abstract

Aqueous solutions of poly(vinylpyrrolidone) (PVP) of various concentrations

(20, 25, and 28 wt%) were successfully spun into fibers by centrifugal spinning.

The pristine PVP fibers were annealed and carbonized to produce flexible car-

bon fibers for use as binder-free anodes in lithium-ion batteries. These flexible

carbon fibers were prepared by developing a novel three-step heat treatment to

reduce the residual stresses in the pristine PVP precursor fibers, and to prevent

fiber degradation during carbonization. The thermogravimetric analysis data

showed that the annealed fibers yielded a residual mass percentage of 36.0%

while the pristine PVP fibers suffered a higher mass loss and only retained

26.5% of original mass above 450 �C (under nitrogen). The electrochemical per-

formance of the carbon-fiber anodes was evaluated by conducting

galvanostatic charge/discharge, rate performance, and cycle voltammetry

experiments. The 20, 25, and 28 wt% derived binder-free anodes delivered spe-

cific charge capacities of 205, 189, and 275 mAh g−1, respectively, after the first

cycle at a current density of 100 mA g−1. The results obtained in this work

indicate that a feasible pathway towards a large-scale production of carbon-

fiber anodes from a 100% aqueous solution can be achieved via centrifugal

spinning and subsequent heat treatment.

KEYWORD S

batteries and fuel cells, electrochemistry, thermal properties

1 | INTRODUCTION

Composite materials have enabled engineers to pursue
technologies otherwise limited by material performance.
Substantial improvements of material properties
(e.g., mechanical, thermal, electrical, etc.) can be achieved
by the addition of fillers in polymer matrices.1 Due to their
high surface area to volume ratio, composite nanofibers
have been extensively used in many applications, such as
biomedical, filtration, tissue engineering, and energy

storage.2–5 In particular, carbon fibers, and nanofibers pre-
pared by electrospinning and subsequent heat treatment
of polymer-fiber precursors have been widely used in
energy storage applications.6 The carbon phase in these
carbon fibers (CFs) can be either amorphous or graphitic,
depending on the heat treatment performed during the
carbonization/calcination process. Graphite has been the
only commercially available anode material for lithium
ion batteries (LIBs) due to its low working potential, long
cycle life, and low cost. However, the low theoretical
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capacity of the graphite anode (372 mAh g−1) fails to sat-
isfy the increasing demand of high performance LIBs for
energy storage applications, and in particular for hybrid
and electric vehicles.7 Li-alloys embedded in flexible CFs
with amorphous carbon can be directly used as binder-free
anodes in LIBs. The flexible amorphous carbon phase can
buffer the volume change of the Li-alloy phase.7 In addi-
tion, amorphous carbon fibers with many structural
defects can accommodate more Li+ than the ordered lat-
tice in graphite.8 Composite CFs can be prepared by vari-
ous spinning methods applied to a polymer precursor
solution containing ceramic and/or metallic fillers, and
can be directly used as anode materials in LIBs with
improved electrochemical performance such as rapid Li+

diffusion, long cycle life, and high specific capacity. Cur-
rently, polyvinylpyrrolidone (PVP), polyvinyl alcohol
(PVA), and polyacrylonitrile (PAN) are the most used
polymer precursors to produce carbon fibers for LIB
applications.9

PAN is the most exploited polymer to produce CFs due
to its high melting point and high carbon yield of
<80%.10,11 In a recent work, PAN-derived CF anodes deliv-
ered a steady charge capacity (Li-deinsertion) of 297 mAh
g−1 after 100 cycles at 100 mA g−1.12,13 Unfortunately,
PAN has a high cost14 and the most frequently used sol-
vent dimethylformamide (DMF) has rising health con-
cerns.15 However, the demand for CFs is increasing.
Therefore, researchers and industry have turned their
attention to less hazardous and more environmentally
benign alternatives, such as PVP and PVA precursor fibers.
Both PVP and PVA, in contrast to PAN, are water-soluble
and have been recently used in energy storage
applications,11,15,16,1718,19 . PVP, particularly, is considered
a potential carbon precursor alternative to produce CF
anodes due to its low cost. For example, electrospun CFs
derived from PVP delivered a reversible specific capacity
as high as 450 mAh g−1 at the 100th cycle.11 Moreover,
high production rates of PVP fibers have been achieved via
centrifugal spinning of PVP/ethanol solutions.17,18 There
have also been successful studies to prepare composite
CFs derived from aqueous PVA solutions. For example,
centrifugally spun Si/C composite-fiber anodes prepared
by centrifugal spinning of aqueous Si/PVA precursor solu-
tions and subsequent heat treatment delivered a steady
capacity of 758 mAh g−1 after 50 cycles, while PVA-
derived CFs delivered 178 mAh g−1.16 Similarly, Si/C com-
posite nanofibers were prepared by electrospinning of
aqueous Si/ PVA solutions and subsequent heat treatment
for use as a binder-free anode in LIBs. In that work, the
Si/C composite nanofibers were enclosed in folded
graphene to constrain the volume expansion of the anode
after repeated charge/discharge cycles. Because of their
improved mechanical properties, the Si/C composite

nanofibers delivered a stable specific capacity of 1191 mAh
g−1 after 200 cycles at a current density of 1 A g−1.15

Although the centrifugally spun PVA fibers had smaller
diameters than those derived from aqueous PVP solutions,
the lower fiber yield of aqueous PVA solutions during cen-
trifugal spinning is a challenge for the adoption of PVA-
based carbon fibers at a large-scale production.

PVP, on the other hand, has a much higher fiber yield
than PVA during centrifugal spinning. Nonetheless, to
the best of our knowledge, there have not been studies
on the use of centrifugally spun CFs derived from aque-
ous PVP precursor solutions for use as anodes for LIBs.
Moreover, hematite α-Fe2O3 fibers were prepared by cen-
trifugal spinning of aqueous PVP/Fe(NO3)3�9H2O precur-
sor solutions and subsequent heat treatment to fabricate
Fe3O4/C composite-fiber anodes for LIBs. The synthe-
sized α-Fe2O3 fibers had a hollow multiwalled structure
with wall thickness of 55 ± 15 nm and an outer diameter
of 850 ± 90 nm and were used in PAN/Fe3O4 precursor
solution to prepare the Fe3O4/C composite fibers.20 The
Fe3O4/C composite-fiber anode delivered a capacity of
505 mAh g−1 at the 100th cycle at 100 mA g−1.20

PVP is less commonly used to produce CFs due to its
relatively large volume shrinkage after carbonization.21

However, it has been shown that the carbon yield from
PVP can be increased by adopting a more complex heat
treatment.10,22 This current study strives to maximize the
production of centrifugally spun CFs by optimizing
the PVP concentration in aqueous solutions and
implementing a novel heat treatment that aims to decrease
the large volume shrinkage observed in PVP fibers at
higher carbonization temperatures. Centrifugal spinning is
an emerging technology used to produce micro/nano
fibers at rates of up to 1 g/min on the laboratory scale,
compared to a 0.3 g/min rate for a conventional laboratory
scale electrospinning setup.23 Based on the results
obtained here, a feasible pathway towards a large-scale
production of CFs from a 100% aqueous solution can be
achieved via centrifugal spinning and a subsequent three-
step heat treatment.

2 | EXPERIMENTAL

2.1 | Material

Poly(vinylpyrrolidone) (PVP) with an average molecular
weight (Mw) of 1,300,000 was purchased from Sigma-
Aldrich USA. Deionized (DI) water, 18 MΩ cm, was pro-
duced in-house (Milli-Q, Millipore Ltd., U.K.). The 1 M
LiPF6 salt and dimethyl carbonate (DMC) were pur-
chased from Alpha Aesar. Ethylene carbonate (EC) was
purchased from Sigma Aldrich.
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2.2 | Preparation of carbon fibers

The precursor fibers were prepared from 20 g aqueous
solutions with PVP wt% concentrations of 10, 15, 20, 25,
and 28. The polymer was dissolved in DI water, and the
as-obtained solution was homogenized by magnetic stir-
ring at 70 �C for 5 h. Solutions of 25 wt% and higher con-
centrations were subjected to an additional 5 h of stirring
to achieve complete homogenization. The PVP solutions
were then spun in laboratory-scale centrifugal spinning
equipment (FiberRio Cyclone L-1000 M). The spinneret
was equipped with 30-gauge regular bevel needles
(EXELINT, U.S.A). A variety of spinneret rotational
speeds and spinning times were explored for each solu-
tion concentration. The centrifugal spinning parameters
and solution properties used to prepare the PVP fibers
are given in Table 1.

The fibers were collected as a mat and subsequently
annealed at 150�C for 24 h, in air (ELF 11/6 Carbolite
Gero, UK). The fibers were left in air to reach room tem-
perature and then placed in a tube furnace (OTF-1200X
MTI Corporation, US) to be stabilized in air at 270�C for
4 h (1�C/min) followed by carbonization under an Argon
atmosphere at 700 �C for 3 h (5�C/min).

2.3 | Characterization

The morphology of the CFs was investigated by scanning
electron microscopy (SEM; Sigma VP Carl Zeiss, Ger-
many) coupled with an energy dispersive spectroscopy
(EDS) system (EDAX, Mahwah, NJ, USA) to investigate
the elemental composition. To determine the average
fiber diameter, 300 measurements were taken, 60 per
image, across a total of five different SEM images scaled
on ImageJ software. Similarly, the histograms were pro-
duced using 300 randomly selected measurements. Ther-
mogravimetric analysis (TGA; 209 F3 Tarsus NETZSCH,
Germany) was conducted in air and nitrogen atmo-
spheres to investigate the effect of annealing on fiber deg-
radation. Raman spectra of PVP powder and precursor

nanofibers prepared from aqueous PVP solutions of dif-
ferent concentrations (20%, 25%, and 28%) were obtained
with a Renishaw InVia confocal spectrometer operating
at 785 nm.

2.4 | Electrochemical measurements

The electrochemical performance of carbon-fiber anodes
was evaluated using CR2032-type coin cells. CFs with a
half-inch diameter were punched out and used directly as
binder-free anodes. The CFs was used as the working
electrode while a lithium foil was used as the counter
electrode. The weight of these anodes ranged between
4–9 mg. The Li-ion half-cells (CR2032) were assembled in
a glovebox (Mbraun, USA) under a controlled environ-
ment with high purity argon gas. Glass microfibers were
used as the separator (9934-AH, Whatman Glass
microfibers). In 1 M LiPF6 solution in ethylene carbonate
(EC)/dimethyl carbonate (DMC) (1:1 v/v) was prepared
and used as the electrolyte. Cyclic voltammetry (BSC-810
Bio-logic, France) was performed on the Li-ion half cells
at a rate of 0.1 mV s−1 between 0 and 3 V. Galvanostatic
charge/discharge experiments were conducted under a
current of 100 mA g−1 from 0.05 to 3.0 V (CT2001A
Landt, China). The rate performance was evaluated at
current densities of 50, 100, 200, 400, 500, and 50 mA g−1

(BT 2000 Arbin, US).

3 | RESULTS AND DISCUSSION

3.1 | Morphology and fiber formation

Figure 1 shows the fibers during centrifugal spinning
as well as their appearance when collected, annealed,
and carbonized. Among the three different PVP con-
centrations, the 25 wt% solution had the highest pro-
duction yield of PVP fibers (Figure 1(a)). In previous
studies, centrifugal spinning of PVP precursor solu-
tions in ethanol with concentrations less than 20 wt%

TABLE 1 Spinning parameters for the fabrication of centrifugally spun PVP fibers

Polymer
concentration (wt%)

Rotational
speed (rpm)

Spinning
time (min)

Humidity during
successful fiber yield (%)

Fiber
formation

10 4000–9000 3–8 N/A No

15 4000–9000 3–8 N/A No

20 6000 4 < 40 Yes

25 9000 5 < 60 Yes

28 9000 8 < 60 Yes

Abbreviation: PVP, poly(vinylpyrrolidone).
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resulted in bead-free PVP nanofibers with a high
yield17.18 When using water as the solvent, PVP fibers
were only produced with polymer concentrations of
20 wt% or higher. At 25 wt%, the fiber production rate
from an aqueous PVP solution was able to match that
from PVP/ethanol precursor solutions. The 20 wt%
PVP solution also produced similar amounts, but at
this concentration the production of fibers became
more sensitive to higher values of humidity, whereas
the 25 and 28 wt% solutions were unaffected by the
humidity. Although the 28 wt% PVP solution was not
as sensitive to humidity, it yielded lower amounts of
beaded fibers. It has been hypothesized that solvents
with higher volatility lead to higher viscosity during
the fiber formation in centrifugal spinning.24 The faster
vaporization rate of ethanol leads to a higher viscosity at
the tip of the needle before producing a fiber jet. Thus,
to compensate for the lower vapor pressure of water,
higher polymer concentrations are needed to increase
the viscosity of the solution.24 Also, the fiber yield
increased with increasing spinneret rotational speed,
which caused an increase in the solvent evapora-
tion rate.

The fibrous mats retained a similar overall volume
and surface area after annealing, but their appearance,
weight, and average fiber diameter changed. The fibers
turned from white to a yellow color and an average of
21.3% weight loss was measured after annealing. This is
attributed to the excess water in the fibers that evapo-
rated during the heat treatment. After carbonization,
the fibers suffered an average of 63.2% weight loss.
Although the fibers shrank after the carbonization
process, they remained flexible. The fiber flexibility
allows the CFs to be used as binder-free anodes in
LIBs. Moreover, these flexible fibers were achieved at a

higher carbonization temperature than that in similar
studies.2,17,18

In order to compare the structure of the CFs obtained
from annealed and pristine fibers; both PVP precursor
fibers were oxidized and then carbonized using the
above-mentioned heat treatment. This comparison cor-
roborated that the annealing process is crucial to produce
flexible CFs. Figure 2 shows the pristine (bottom) and
annealed (top) fibers before carbonization and the resul-
tant structure. As shown in Figure 2, when the carboni-
zation of PVP fibers was performed without the
annealing process, brittle carbon fibers were obtained.
On the other hand, the annealed fibers yielded a higher
amount of carbon with a flexible structure.

In order to investigate the morphology and determine
the average diameter of the fibers, SEM images were
taken at a constant magnification of 1000X. Figure 3
shows the average diameter of the pristine, annealed, and

FIGURE 1 (a) Centrifugal spinning setup,

(b) pristine collected fiber membrane,

(c) annealed fiber membrane, and

(d) carbonized fibers [Color figure can be viewed

at wileyonlinelibrary.com]

FIGURE 2 (a) Pristine (bottom) and annealed (top) fibrous

membranes, (b) carbonized fibers from pristine (bottom) and

annealed (top) fibrous membranes [Color figure can be viewed at

wileyonlinelibrary.com]
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carbonized fibers prepared from PVP precursor solutions
with different concentrations of 20, 25, and 28 wt%. Fig-
ures 4(a),(b),(c) show the SEM images and diameter dis-
tribution (histograms) of the pristine, annealed, and
carbonized fibers prepared from the 20, 25, and 28 wt%
PVP solutions, respectively. A common behavior
observed is that the annealing process resulted in
increased diameters of the pristine fibers. For the 28 wt%
PVP fibers, one can observe that the fiber diameter not
only increased, but a significant change in morphology
also took place. The pristine 28 wt% PVP fibers had a
“ramen-like” structure, but their morphology changed to
a more homogeneous cylindrical shape due to the reduc-
tion of residual stresses after the annealing process.
Another observation is that beads are less present in
fibers prepared from the 20 and 25 wt% PVP solutions.
This can be attributed to the lower vapor pressure in
more concentrated aqueous PVP solutions, since the lon-
ger evaporation time of the more concentrated solutions
allows for the formation of spheres due to Rayleigh insta-
bilities during the jet formation in centrifugal spinning.24

The SEM images of Figure 4(a), d, and (g) show that
the number of beads in the pristine fibers increased with
increasing polymer concentration. Moreover, the 20 and
25 wt% PVP solutions (Figure 4(a),(d)) exhibited a cylin-
drical fiber cross-section while the 28 wt% PVP fibers
(Figure 4(g)) had an oval cross-section, with signs of
residual surface tension during fiber formation. The pro-
duction rate was similar for the pristine fibers prepared
from the 20 and 28 wt% PVP precursor solutions. Also,
the pristine fibers had average diameters that only varied
by 0.08 μm. On the other hand, a much higher fiber

production rate was achieved using the 25 wt% PVP pre-
cursor solution (Figure 4(d)). However, these pristine
fibers had a larger average diameter of 1.24 μm.

After annealing, the average diameter of all the PVP
fibers increased (Figure 4(b), (e), and (h)). The average
diameter of the annealed 20 and 28 wt% PVP fibers
remained relatively closed to each other (0.94 and
1.00 μm) while the average diameter of the annealed
25 wt% PVP fibers was higher (1.37 m). More impor-
tantly, a change in morphology was observed in the
28 wt% PVP fibers during annealing. The oval cross-
section became circular and the residual surface tension
was reduced. Thus, cylindrical PVP fibers with a smooth
surface were obtained after annealing. After carboniza-
tion, the 20, 25, and 28 wt% PVP derived carbon fibers
(Figures 4(c),(f),(i)) had cylindrical shapes. However, the
average diameter increased with increasing polymer con-
centration (Figure 3).

3.2 | Raman spectroscopy

The Raman lines of PVP powder and the corresponding
centrifugally spun nanofibers are shown in Figure 5. It is
observed that there are no significant differences among
the Raman spectra, with the exception of an isolated, weak,
and narrow line located at about 2300 cm−1. This line may
reflect a strong hydrogen bonding or C=O stretching.25

The Raman spectra of the centrifugally spun PVP
nanofibers were not significantly affected by the polymer
concentration. The fact that the Raman spectrum is not
significantly affected by the centrifugal spinning process
is reasonable as the size of the nanofibers was not suffi-
ciently small to ignite confinement effects.

In the low Raman shift regions, relatively few broad
lines were recorded in the pristine and annealed PVP
fibers at 133, 365, and 556 cm−1. They are tentatively
assigned to longitudinal acoustic modes or ring vibra-
tions. C-C ring vibrations and breathing modes were
reported at 760 and 937 cm−1, respectively.26,27

As shown in Figure 8, the carbonization process of
the PVP nanofibers at 700 �C produced substantial
changes in the Raman spectra of the nanofibers. Most of
the lines assigned to PVP powder or nanofibers are
completely erased by the carbonization process. Appar-
ently, only the line located at 1235 cm−1 survived,
although it is slightly shifted and broadened. The most
intense line located at 1363 cm−1 was identified as the D
band in carbonaceous materials.28 The G line is located
at about 1568 cm−1,28 being weak and broad and appears
as a shoulder of the D band. Furthermore, the line
observed at 1874 cm−1 was tentatively assigned to C=O
bonds, reflecting the oxidation of the polymer chains,
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FIGURE 3 Average diameters of pristine, annealed, and

carbonized fibers prepared from the 20, 25, and 28 wt% PVP

aqueous solutions. PVP, poly(vinylpyrrolidone) [Color figure can be

viewed at wileyonlinelibrary.com]
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while the line at 2368 cm−1 was identified as G' (i.e., as an
overtone 2 phonon process) of the D band.28 Finally, the
line at 3269 cm−1 may be assigned as an overtone of the G

band.28,29 Thus, the carbonization process of the PVP
nanofibers resulted into the appearance of the D and G
bands, a feature that was reported in a previous study.30

FIGURE 4 SEM images of fibers prepared from PVP solutions: (a) pristine, (b) annealed, and (c) carbonized fibers from 20 wt% PVP

precursor solutions; (d) pristine, (e) annealed, and (f) carbonized fibers from 25 wt% PVP precursor solutions; (g) pristine, (h) annealed, and

(i) carbonized fibers from 28 wt% PVP precursor solutions. PVP, poly(vinylpyrrolidone); SEM, scanning electron microscopy [Color figure

can be viewed at wileyonlinelibrary.com]
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Figure 6(a),(b) show the effect of the annealing at
150�C on the PVP nanofibers obtained from the 20%
PVP solution. A detailed analysis showed that the main
consequences of the annealing process were manifested
by a decrease of the amplitude of the Raman lines and
their broadening. It was noticed that within

experimental errors, the line positions were not signifi-
cantly affected by annealing and that all intense lines
were still present in the spectrum of the annealed
nanofiber. A similar behavior was observed for the
annealed nanofibers obtained from 25% and 28% PVP
solutions.

FIGURE 4 (Continued)
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Figure 7 shows the Raman spectra of the PVP powder
and the corresponding pristine, annealed and carbonized
nanofibers obtained from a solution containing 20 wt%
PVP in water. The annealing process of the PVP
nanofibers decreased drastically the intensity of the
Raman lines while very large modifications were noticed
in the carbonized sample.

3.3 | Thermogravimetric analysis

TGA was conducted on pristine and annealed PVP fibers
in air and nitrogen atmospheres to assess the resilience of
annealed fibers to degradation. In this analysis, a heating
rate of 5�C/min was used for all the samples in a range
between 25 and 700�C. In both air and nitrogen

FIGURE 4 (Continued)
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atmospheres the annealed fibers yielded more residue
than the pristine fibers. The residual masses for both
samples are illustrated in Figure 8. Under an airflow, the
annealed fibers yielded a residual mass of 3% while the
pristine fibers only yielded a 0.6% residual mass. Thus,
the annealed PVP fibers produced about five times more
residue than the pristine PVP fibers. When both annealed
and pristine fibers were heated in an inert flow (nitro-
gen), the annealed fibers yielded a residual mass of 11.3%
while the pristine fibers yielded 5.4%. In this case, the
annealed fibers produced twice the amount of residue
produced by the pristine fibers, indicating that the carbon
yield in the annealed fibers is higher. This comparison

shows that, indeed, annealed fibers have a higher resis-
tance to degradation. Even though both annealed and
pristine fibers reached a degradation plateau at the same
temperature (~450�C under nitrogen and ~ 650�C in air),
the lower degradation rate in the annealed fibers enabled
them to retain more carbon when their respective degra-
dation threshold temperature was reached. Nevertheless,
it is crucial to mention that these residual mass percent-
ages are based on the initial mass (100%) of the fibers at
room temperature. In Figure 8, an initial mass drop was
observed in both air and nitrogen atmospheres at temper-
atures below the onset of degradation. This initial mass
loss is attributed to the evaporation of water absorbed by
the PVP fibers, which is hydrophilic. This is supported by
Raman spectra, which did not reveal the disappearance
(or appearance of new) Raman lines upon annealing.
Thus, using the first plateau as the reference of 100%
weight, higher percentages of carbon yield for both the
pristine and annealed PVP fibers can be determined.
Using the TGA data analyzer software (TG 209 F3 Tarsus,
NETZSCH, Germany), the mass changes between the
first and second plateaus were determined as −63.9%
and − 73.6% for the annealed and pristine fibers, respec-
tively. Thus, residual masses of 36.1% and 26.5% can be
obtained (Figure 9) for the annealed and pristine fibers,
respectively. These values are congruous with the average
mass losses weighed from the annealed fibers before and
after carbonization (63.2 wt%). Based on the EDS analysis
performed on the residues obtained from annealed and
pristine fibers under nitrogen, the annealed fibers yielded
85% carbon out of its TGA residue, while the pristine
fibers yielded 89% carbon. Thus, using these adjusted
values, the annealed PVP fibers yielded 30.6% carbon
while the pristine PVP fibers yielded 23.1% carbon.
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3.4 | Electrochemical performance of
carbon-fiber anodes

3.4.1 | Cyclic voltammetry

Cyclic voltammetry (CV) tests were performed on
carbon-fiber anodes prepared from PVP precursor solu-
tions with 20, 25, and 28 wt% concentrations. Figure 10
shows the CV scans of the 25 wt% derived carbon fibers.
The CV results for the other two compositions of CFs are
shown in Figures S1 and S2 of the supplementary infor-
mation (SI). For all three carbon-fiber anodes, a broad

anode reduction peak was observed at ~0.1 V during the
cathodic scan. Wide anode oxidation peaks during the
anodic scans appeared in all three anodes due to ion de-
intercalation at ~0.5 V and ~ 1.5 V. These anode oxida-
tion peaks represent the working voltage of the anode as
well as the solid electrolyte interphase (SEI) formation
voltage due to Li+ de-intercalation during the first
cycle.31

3.4.2 | Cycle performance

The charge/discharge profiles of the carbon-fiber anodes,
prepared from PVP concentration of 25 wt%, are shown
in Figure 11. The charge discharge plots and cycle perfor-
mance for the CF anodes prepared from PVP precursor
fibers with PVP concentrations of 20 and 28 wt%, are
shown in Figure S3. The galvanostatic charge/discharge
experiments were performed at a current density of
100 mA g−1. At the 1st cycle, the 20, 25, and 28 wt% PVP-
derived carbon fibers delivered a charge capacity of
205, 189, and 275 mAh g−1, respectively. After the first
cycle, the CF anodes maintained a consistent capacity
and after 100 cycles, the 20, 25, and 28 wt% PVP-derived
carbon fiber anodes delivered charge capacities of
185, 194, and 214 mAh g−1, respectively.

The high irreversible capacity at the first cycle is cau-
sed by the decomposition of the electrolyte that leads to
the formation of an irreversible solid electrolyte inter-
phase (SEI) layer on the surface of the carbon-fiber anode
and, consequently, results in a low initial Coulombic effi-
ciency.32,33 The high surface area of the fibers can also
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contribute to the low initial Coulombic efficiency of the
anode. In fact, the large surface area of the nanofibers
can lead to the formation of a thicker (larger) SEI layer at
the first cycle compared to slurry-based carbon elec-
trodes.34 Results reported on centrifugally spun carbon
and composite fibers as anodes for Li-ion and Na-ion bat-
teries showed also low initial Coulombic efficiency.34,35

Figure 12 shows the charge capacities of the three
anodes after 100 cycles at 100 mA g−1. The large drop in
capacity after the first cycle can be attributed to the high
surface area of the fibers and the growth of the solid elec-
tric interphase (SEI) layer on the electrode. As a result,
the coulombic efficiency at the first cycle for the 20, 25,
and 28 wt% was 39.8, 34.2, and 44.4%, and after
100 cycles, the coulombic efficiency reached 99.6, 99.3,
and 99.6%, respectively.

3.5 | Rate performance

Figure 13 shows the rate performance of the 20, 25, and
28 wt% PVP-based anodes at different current densities of
50, 100, 200, 400, and 500 mAh g−1 in a voltage range
between 0.01 and 3.0 V. The charge capacity decreases as
the current rate increases due to the faster rates of
lithiation/delithiation that overwhelm the pace of inser-
tion/deinsertion of Li-ions into the electrodes. It is also
observed that the specific capacity at higher current rates
decreases more rapidly for the carbon fibers anodes made
prepared from PVP solutions with higher concentration;
this can be attributed to the larger fiber diameter. In
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these anodes, the larger fiber diameters become a bot-
tleneck during faster rates due to less available surface
area for lithiation. Nonetheless, after cycling back to
50 mA g−1, the 20, 25, and 28 wt% derived carbon-fiber
anodes recovered ~96.9, ~94.2, and ~ 96.9% of their ini-
tial capacity during the first 10 cycles at 50 mAh g−1.
Moreover, the anodes also delivered a constant capacity
at each current rate. This is expected since there is not
an added active material that could produce anode pul-
verization after cycling caused by excessive volume
change.

4 | CONCLUSIONS

In this work, a higher rate of carbon nanofibers from
aqueous PVP solutions was achieved using centrifugal
spinning and subsequent thermal treatment. Solutions
with PVP concentrations of 10, 15, 20, 25, and 28 wt%
were prepared, of which only the 20, 25, and 28 wt% pro-
duced fibers. Although beads were less apparent in lower
concentration solutions, the highest fiber yield was possi-
ble at 25 wt% PVP. Moreover, at this concentration, the
fiber formation was not affected by higher humidity
levels. Flexible carbon fibers were produced using the
20, 25, and 28 wt% PVP precursor fibers using a novel
three-step heat treatment which reduced the volume
shrinkage of fibers due to the high temperature (700�C)
used during the carbonization process. The electrochemi-
cal results were similar for all carbon fibers. Two trends
were observed during the cycle and rate performances.
First, the specific capacity increased with increasing PVP

concentration in water solutions; more work is needed to
understand the effect of polymer concentration on the
electrochemical performance of PVP derived carbon fiber
anodes. Second, during the rate performance tests, the
higher polymer concentration resulted in a lower specific
capacity at a faster charge/discharge rate. This might be
attributed to the increase in fiber CFs diameter of the
25 and 28 wt% derived anodes. Given these results, a new
venue to produce binder-free carbon composite anodes
from aqueous polymer solutions at a larger scale can be
pursued to reduce the environmental impact and the
health risks encountered during the production of fibers
from polymer solutions in toxic solvents. Moreover, this
work lay the foundation for the development of high rate
composite nanofibers production using water as the sole
solvent.
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