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The current study was conducted to fabricate and investigate polymer-CNT electrospun nanofibers as
an anode for high-performance Li-ion batteries. The polymer-CNT nanofiber surface had numerous
nanopores, beads, and protrusions in the nanofiber matrix, which suggested the production of a large
effective surface area, according to analysis of morphology and structure. Examining the
electrochemical characteristics using CV and GCD cycles revealed that the polymer-CNT nanofiber
electrode is highly reversible. It also demonstrated great rate capabilities and strong cycling stability,
with a reversible capacity of 1105.2mAhg™ at a current density of 0.05 Ag?. The polymer-CNT
nanofiber electrode demonstrated a columbic efficiency of almost 100% and exhibited a steady and
reversible capacity, according to the results. When compared to other published carbon-based
electrodes for lithium-ion batteries, the electrochemical performance of polymer-CNT nanofiber
electrodes was found to be superior or appropriate. As a result, the one-of-a-kind porous polymeric
nanofibers can be used to improve the electrochemical performance of Li-ion batteries.
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1. INTRODUCTION

The fast development of electric cars over the past few decades has raised the demand for
energy storage systems, which now must meet higher energy density, higher power density, and longer
cycle life standards [1, 2]. Li-ion batteries have a variety of benefits over the other premium
rechargeable battery technologies (nickel-cadmium or nickel-metal hydride). They have one of the
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highest energy densities (100-265 Wh kg?) of any battery technology available today [3-5]. Lithium-
ion has disadvantages despite overall benefits [6, 7]. Due to its inherent fragility and the need for a
protective circuit to maintain safe operation, solid state charging experiences substantial volume
variations and a slow charging rate [8, 9]. Due to their high energy density and long-term stability,
flexible Li-ion batteries have attracted a lot of research because they can also be useful in practical
applications like wearable electronic devices, roll-up displays, touch screens, conformable active
radio-frequency identification tags, and wearable sensors [10, 11].

The mechanical aspects and deformation circumstances, such as bending, folding, twisting, and
pressing, have not kept up with advancements in these flexible energy devices [12, 13]. The downside
of using flexible Li-ion battery applications with typical Li-ion electrodes is the poor energy density
and power capacity of graphite as a commercial anode material [14, 15]. Other commercial Li-ion
batteries' active components, binders, and conductive additives are easily separable from the foils made
of copper and aluminum that operate as current collectors [16, 17]. Studies showed that the
supercapacitors' high power density and excellent cycling stability enable them to deliver quick
electrostatic charge dispersion and accumulation [18, 19]. However, the physical adsorption/desorption
mechanism and low cycle stabilities of supercapacitors limit their applicability [20-22]. As a result,
additional research is needed to fabricate flexible Li-ion batteries with excellent cycling stability,
energy, and power density employing hybrids, nanostructures, and nanocomposites as new electrode
materials [23, 24]. The creation of flexible energy storage devices has been made possible by the use
of carbon-based nanofibers and CNTSs in polymer nanocomposites, one type of nanostructured material
[25-29].

Polymer nanofibers are a consequential class of 1D nanomaterials. The diameter of nanofibers
is often less than 100 nm. Currently, there are three techniques available for the synthesis of
nanofibers: electrospinning, self-assembly, and phase separation [30]. Of these techniques,
electrospinning is the most widely studied and has also demonstrated the most promising results in
terms of tissue engineering applications [31]. Nanofibers have many possible technological and
commercial applications. They are used in tissue engineering, drug delivery, seed coating material,
cancer diagnosis, lithium-air batteries, optical sensors, air filtration, redox-flow batteries and
composite materials. Synthetic polymer nanofibers are made from nylon, acrylic, polycarbonate,
polysulfones, and fluropolymers, among other polymers [30, 31].

Hou and Reneker [32] reported the fabrication of hierarchical structure of CNTs on carbon
nanofibers. They described an electrospinning process for the fabrication of carbon nanofibers using a
PAN and Fe(Acc) mixture dissolved in dimethylformamide, as well as the stabilization and
carbonization of PAN and the reduction of the Fe in a high-temperature furnace in a mixture of H and
Ar, and hexane vapor was used as a carbon source for the formation of CNTs on carbon nanofibers.
They only studied the hierarchical structures of CNTs on carbon nanofibers and did not study the
electrochemical properties of the resultant structures. In this study, polymer-CNT nanofibers were
accomplished by the electrospinning technique using CNTs, dimethylformamide, PVP, and PAN,
followed by thermal treatment in nitrogen flow. The structural and electrochemical properties of the
resulted polymer-CNT nanofiber structures were investigated as anode for high-performance Li-ion
batteries.
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2. EXPERIMENT

2.1. Fabrication of PN/CNTs

The production of polymer-CNT nanofibers was accomplished by the electrospinning
technique [33]. Sigma-Aldrich CNTs were ultrasonically dispersed in a 99.8% concentration of N,N'-
Dimethylformamide (DMF) solution for 60 minutes at 4°C. The aforementioned solution was then
appropriately diluted with polyacrylonitrile (PAN; Sigma-Aldrich) and polyvinylpyrrolidone (PVP);
the result was 65 wt.% CNTs and 35 wt.% polymer solution, which was then heated at 45 °C while
being stirred magnetically for an entire night. A polypropylene syringe with a needle (0.45 mm inner
diameter) that was attached to a programmed syringe was used to inject the homogeneous mixture into
the syringe. 1.5 mL/h of flow was delivered, and 16 kV of voltage was applied to the syringe tip to
prepare nanofibers (HV30). The aluminum foil collection was 10 cm away from the tip. The resulting
polymeric nanofibers were formed into 20 mm-diameter discs and vacuum-dried for 12 hours at 45 °C.
The thermal treatment was then carried out at a ramp rate of 5 °C/min for 60 minutes, held for 60
minutes, and increased to 750 °C at a ramp rate of 7 °C/min, held for 60 minutes, and completed under
nitrogen flow. The items were then chilled until they reached room temperature. In the absence of
CNTs, the same method was used to prepare polymer-CNT nanofibers.

2.2. Characterizations

The morphologies of the generated nanofibers were studied using a scanning electron
microscope (SEM). The nanofibers' crystal structures were examined using X-ray diffraction
spectrometry (XRD). All electrochemical experiments were carried out using coin cells of the 2032
type, which contained prepared nanofibers punched into circular discs. The Li-metal disc was used as
the counter electrode and reference electrode while the 2032-type coin batteries served as the working
electrode in an Ar-filled glove box (NICHWELL -1500u). The ethylene carbonate (EC, 99 percent,
Sigma-Aldrich) and diethyl carbonate mixture were used to create the electrolyte, which contained 1 M
LiPFs (99.99 percent, Sigma-Aldrich) (DEC, 99 percent , Sigma-Aldrich). The separators were made
using the Celgard-2400 membrane by the Japanese company Hochsen Corporation. The
electrochemical tests were conducted using a potentiostat/galvanostat/electrochemical workstation
(CS350, Wuhan Corrtest Instruments Corp., Ltd., China) at room temperature utilizing cyclic
voltammetry (CV) at a scan rate of 0.1 mV/s in the voltage range of 0.001-3.0 VV (versus Li/Li").
Additionally, measurements using electrochemical impedance spectroscopy (EIS) on an amplitude of
10 mV in the frequency range of 10-1 Hz to 105 Hz were carried out. On a land battery testing system
(CT2001A, Wuhan, China), the galvanostatic charge/discharge tests (GCD), rate performance, and
cycling stability were performed.
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3. RESULTS AND DISCUSSION
3.1. Analyses of morphology and structure

Figures 1a and 1b, respectively, show SEM images of polymer and polymer-CNT nanofibers.
Figure la shows a matrix of interconnected polymer nanofibers with an average diameter of 80 nm.
Porous, smooth, and bead-free nanofibers make up this matrix. Similar very open porous structures
with well-connected morphology and an average diameter of 120 nm can be seen in SEM images of
polymer-CNT nanofibers. Polymer-CNT nanofibers are different from polymer nanofibers in that they
have a greater diameter and are less homogenous overall. Additionally, the surface of the polymer-
CNT nanofibers exhibits multiple nanopores, the production of beads, and protrusions in the matrix of
the nanofibers. These photos show that polymer-CNT nanofibers have a significantly higher effective
surface area and higher porosity than polymer nanofibers.

500nm

Figure 1. SEM images of (a) polymer nanofibers and (b) polymer-CNTs nanofibers.
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Figure 2. XRD patterns of polymer and polymer-CNTs nanofibers.
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The XRD patterns of polymer and polymer-CNT nanofibers are shown in Figure 2. Due to the
polymer's morphous structure and inadequate degree of crystallization, the XRD pattern of the polymer
lacks any peaks [34, 35]. The (002) plane of the hexagonal graphitic structure of CNTSs is shown by a
distinct XRD peak at 26=25.98° in the XRD pattern of polymer-CNT nanofibers, as described in [36-
38]. The SEM and XRD results show that the polymer-CNT nanofibers were successfully
manufactured.

3.2. Study the electrochemical properties

The electrochemical performances of produced polymer and polymer-CNT nanofibers as
anodes were investigated using CV and GCD cycle studies at ambient temperature in the voltage range
of 0.001-3.0 V (versus Li/Li"). Figures 3a and 3b show the CV curves for both anodes at 0.1 mV/s
scan rate, which is indicative of typical CV curves for carbonaceous anode materials in Li-ion batteries
[39, 40]. The reduction peak in the first cathodic scans can be attributed to solid electrolyte interphase
(SEI) film formation [41, 42], co-insertion of the lithium ion into carbon, and irreversible interactions
between the carbonaceous material and the electrolyte [43, 44]. A clear and steep peak that appears at
about 0.11 V further supports the idea that lithium anions' rapid diffusion path was caused by their
intercalation with the carbon framework [45-47]. The substantial overlap between the succeeding scans
of the CV curves suggests that the polymer-CNT nanofiber electrode is extremely reversible and
exhibits remarkable cycle stability [48, 49]. Additionally, the polymer-CNT nanofiber electrode's CV
curve is rectangular in shape, indicating that capacitive processes [50, 51] are not present in the
polymer electrode's CV curve.
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Figure 3. CV curves of prepared (a) polymer and (b) polymer-CNTs nanofibers at a scan rate of
0.1 mV/s in the voltage range of 0.001-3.0 V (vs Li/Li") at room temperature.

At a current density of 0.05 A g, the GCD profiles of polymer and polymer-CNT nanofiber
electrodes are shown in Figures 4a and 4b. The voltage capacity patterns of both electrodes are seen to
be consistent with the CV findings. The irreversible peak in the CV curves and the irreversible peak of
the initial scan are found to be compatible, and the charge profile of the polymer-CNT nanofibers
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anode in the voltage window from 1.0 to 3.0 V is more flattish than that of the polymer nanofibers
anode, demonstrating increased interfacial Li storage (a faradic capacitance on the surface) [52-54]. Li
extraction from the polymer-CNT nanofiber sample's substantial electrochemically active surface area,
microstructural flaws, pores, and functional groups on CNTSs have all been linked to it [55-57]. Due to
the interfacial Li storage, the polymer-CNT nanofiber electrode has greater initial reversible capacity
retention (62.2%) than the polymer nanofiber electrode (55.8%). The total reversible capacity of
polymer-CNT nanofibers in terms of Li storage by the interfacial reaction is supposed to increase with
increasing interfacial area [58-60]. For effective capacity retention and the creation of an irreversible
SEI layer on CNTSs, the interfaces between the polymer nanofibers and the latter are crucial [61, 62].
Additionally, the initial discharge capacity of the polymer nanofiber electrode is 1616.3 mAh g* and
the initial charge capacity is 939.8 mAh g, while the initial discharge capacity of the polymer-CNTs
nanofiber flexible electrode is higher at 2461.3 mAh g and the initial charge capacity is 1488.32 mAh
gl, which is about 4 times the theoretical capacity of graphite (372 mAh g?) [56, 63, 64]. It is
important to note that both electrodes exhibit high irreversible capacity values, which are attributed to
polymeric nanofibers. These fibers affect the contact resistance between the electrode surface and the
SEI and improve the SEI's ability to adhere to the electrode surface, which can prevent electrolyte
decomposition and result in the formation of thin, uniform, flexible, and subsequently advantageous
SEI films [65-67]. The polymer-CNT nanofiber electrode is seen to demonstrate a columbic efficiency
of around 100% during the first cycle, as well as a stable and reversible capacity. As a result, the one-
of-a-kind porous polymeric nanofibers can be used to enhance the electrochemical performance of Li-
ion batteries.
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Figure 4. GCD voltage profiles of (a) polymer and (b) polymer-CNTs nanofibers electrode under
current density of 0.05 A g™ at room temperature.
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Figure 5. Charge-discharge cycle curves of (a) polymer and (b) polymer-CNTs nanofibers electrodes

under current density of 0.05 A g at room temperature.

Figure 5 shows the charge-discharge cycle graphs of pure polymer and polymer-CNT nanofiber
electrodes at room temperature with a current density of 0.05 A g*. After 100 cycles, it is seen that the
electrodes made of pure polymer and polymer-CNT nanofibers have reversible discharge capacities of
487.8 mAh gt and 1105.2mAh g?, respectively. The electrode made of polymer-CNT nanofibers
shows no significant decay, indicating very good reversible capacity and cycling stability.
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Figure 6. Results of study the rate performances of polymer and polymer-CNTs nanofibers electrodes
under various current density from 0.05 A g * to 2 A g"! at room temperature.

Figure 6 depicts the results of the study on the rate performances of both electrodes under
various current densities from 0.05 A gt to 2 A gt at room temperature. As seen, the pure polymer

nanofibers electrode obtains

reversible capacity values at 0.05A g (760.1 mAhg?), 0.1 Ag?
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(487.2mAhg™), 02Ag?* (377.5mAhg™?), 0.5A g (291.5 mAhg™), 1 Ag*(230.2mAhg™?), and
2Ag!(193.8 mAhgt) which are lower than that obtained reversible capacity values of polymer-
CNTs nanofibers electrode at 0.05A g ! (1466.6mAhg™?), 0.1 Ag?' (848.5mAhg?), 02Ag?
(701.2mAhg?), 0.5A g (539.3mAhg?), 1Ag?! (4444mAhg?), and 2A g (345.6 mAhg™d).
When the rate is tuned back to 0.05 A g after cycling and cycling at different rates, the specific
capacity of the polymer-CNTs nanofiber electrode can be recovered to 1374.5 mAh g 1, which exhibits
very stable cycling performance.
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Figure 7. Results of study the long-term cycle performances and Columbic efficiency of polymer and
polymer-CNTs nanofibers electrodes under current density of 0.2A g* in the voltage range of
0.001-3.0 V (vs Li/Li*) at room temperature.

The findings of a study on the long-term cycle performances of polymer and polymer-CNT
nanofiber electrodes at a current density of 0.2 A g in the voltage range of 0.001-3.0 V (versus
Li/Li") at ambient temperature are shown in Figure 7. As seen, over the first 25 cycles, the capacity is
somewhat reduced. It may be connected to the development of unstable SEI coatings and the
unchecked growth of Li dendrites, both of which led to unstable interfaces during repetitive Li plating
and stripping, resulting in serious safety issues and a limited cycling life [68, 69]. The electrode made
of polymer-CNT nanofibers, however, has a larger capacity and excellent cycle stability. According to
studies, the as-prepared SEI made up of special nanotube arrays can effectively stop dendritic
formation and prevent an unstable interface [68, 70]. Studies of the long-term cycle performances of
polymer-CNT nanofiber electrodes reveal that after 400 cycles, a steady capacity of 598.8 mAh gt is
attained. Therefore, it can be concluded that the addition of CNTs to the polymer-CNT nanofiber
electrode exhibits greater rate capability and capacity than the electrode made entirely of polymer
nanofibers. Table 1 compares the electrochemical performance of polymer-CNT nanofiber electrodes
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with several reported carbon-based electrodes for lithium ion batteries, with polymer-CNT nanofiber
electrodes showing higher or adequate performance.

Table 1. The comparison between the electrochemical performance of polymer-CNTs nanofibers
electrode and various reported carbon based electrode for lithium ion batteries.

Materials Specific Cycle | Current Ref.
capacity density
(mAhg™) (mAg™)
Carbon nanotubes grown on graphene paper 290 40 30 [71]
Derived carbon nanofiber webs 450 - 30 [72]
Hollow carbon nanofibers 501 10 50 [73]
Graphene nanosheets 834 15 50 [74]
Polyacrylonitrile/polypyrrole bicomponents-driven 454 50 50 [75]
carbon nanofiber
Mesoporous carbon nanofibers 215 10 74.4 [76]
Graphene paper ~200 15 100 [77]
Carbon nanofibers 460 550 100 [78]
Activated carbon nanofibers 512 100 100 [79]
Nitrogen-doped graphene anchored on graphite foam 396 300 186 [80]
Polymer-CNTs nanofibers 1105.2 100 50 Present study
Polymer-CNTs nanofibers 598.8 400 200 Present study

4. CONCLUSION

The creation and investigation of carbon nanotube and polymer nanofibers as anodes for high-
performance Li-ion batteries were the main goals of this effort. The process of electrospinning was
utilized to create nanofibers made of polymer and CNTs. On the surface of the polymer-CNT
nanofibers, structural studies showed the creation of many nanopores and a significant effective
surface area. The electrochemical properties of the polymer-CNT nanofiber electrode were
demonstrated to be highly reversible, and they demonstrated outstanding rate capabilities and strong
cycling stability with a reversible capacity of 1105.2 mAh g* at a current density of 0.05 A g. The
polymer-CNT nanofiber electrode demonstrated a columbic efficiency of almost 100% and exhibited a
steady and reversible capacity, according to the results. When compared to other published carbon-
based electrodes for lithium-ion batteries, the electrochemical performance of polymer-CNT nanofiber
electrodes was found to be superior or appropriate. As a result, the one-of-a-kind porous polymeric
nanofibers can be used to improve the electrochemical performance of Li-ion batteries.
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