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ABSTRACT

Porous carbon nanofibers (PCNFs), are widely used as free-standing anode

materials for lithium-ion batteries (LIBs), due to their high specific surface area

and excellent ion diffusion kinetics, but they also present problems of reduced

rate performance and cycling performance, due to poor strength caused by

porosity. Herein, a novel surface porous carbon nanofiber (SPCNFs) is prepared

by coaxial electrospinning, followed by carbonization. All the pores are dis-

tributed in the shell of the fibers, with a dense amorphous carbon structure in

the core, which would not only provide abundant lithium-ion embedding sites,

and accelerate the penetration of electrolyte ions, but also alleviate the reduction

of mechanical properties (with a * 30% improvement to PCNFs). Conse-

quently, our LIBs assembled with this SPCNFs anode represent remarkable

cycling stability (445.33 mAh g-1 at 100 mA g-1 after 100 cycles and

388.92 mAh g-1 at 1 A g-1 after 1000 cycles), and excellent rate capacity

(317.55 mAh g-1 at 1 A g-1).

Introduction

In 2019, the Royal Swedish Academy of Science

awarded the Nobel Prize in Chemistry 2019 to three

scientists, for their outstanding contributions in the

development of lithium-ion batteries (LIBs). With the

continuous decline of unsustainable resources, such

as crude oil, coal, and minerals, the invention and

steady improvement of rechargeable LIBs give hope

in enabling a fossil fuels-free society. However, due

to the limited capacity (372 mAh g-1), commercial

LIBs graphite anode seems to meet a bottleneck in

satisfying the requirements of the next-generation

energy storage system [1, 2]. Carbon nanomaterials

are considered the next generation of LIBs, due to

their high specific surface area, good contact with the

electrolyte, and fast electrochemical power [3, 4].
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Electrospinning technology is widely used in the

preparation of nanofibers, because of its low cost and

good fiber uniformity [5, 6]. There are many precur-

sor materials of carbon fiber, among which Poly-

acrylonitrile (PAN)-based carbon fiber has been

widely used in the carbon fiber market, because of its

relatively simple production process, and the same

performance as other raw silk [7–10].

Chen et al. used a simple and scalable electrostatic

spinning process and heat treatment to fabricate

CNFs, and investigated their sodium storage mech-

anisms [11]. Therefore, the preparation of carbon

nanofibers (CNFs) by electrospinning with the PAN

as a spinning solution and high-temperature treat-

ment by a program, is widely studied and applied to

lithium-ion battery electrode materials. However,

when CNFs are directly applied to lithium-ion bat-

tery anode, it is faced with the disadvantages of slow

speed and low coulomb efficiency [12, 13]. To solve

this problem, a large number of studies have focused

on the metal doping and structural transformation of

CNFs. Jiang et al. synthesized Co9S8 nanoparticles

embedded in amorphous carbon by a simple elec-

trostatic spinning method and high-temperature

annealing process, showing excellent high lithium

storage capacity [14]. Porous structures are even

more widely studied, and various special shapes of

CNFs have been prepared, such as hollow-CNFs

[15, 16], porous-CNFs(PCNFs) [17, 18], etc.

The preparation of porous-CNFs has drawn

attention in the application in LIBs anodes, which are

believed to increase the high specific surface area and

hydrophilicity, and provide more active sites for

lithium ions, and then accelerate the migration of the

electrolyte ions [19–22]. However, lots of works

indicate that most of the effective pores in improving

the electrochemical properties of CNFs, are located

on the outer layer of the CNFs, because of the limited

penetration of electrolytes due to the dense structure

of not only graphite, but also amorphous carbon in

CNFs. Rational design of meso-/micro-pores for

enhancing ion transportation in highly-porous car-

bon nanofibers, used as an electrode for superca-

pacitors. Thus, the pores in the inner layer of CNFs

would not supply active sites for lithium ions, but

conversely, they will reduce the mechanical proper-

ties of CNFs, and consequently affect the rate prop-

erties and cycle performances negatively [14]. The

preparation of PCNFs with a reasonable distribution

of pores and ideal mechanical properties, has been an

attractive issue to improve the long-cycle stability of

CNFs.

Coaxial electrospinning, also called two-fluid elec-

trospinning, is widely developed as a promising

strategy for the facile preparation of core–shell

nanofibers, and their surface functionalization

[23, 24]. The set-up is composed of two different

coaxial capillary injectors with different solutions

inside them, releasing the polymer fluids in the form

of core–shell structure from the joint injector under

an intense electrostatic field, starting at the tip. It

shows great prospects in preparing nanofibers and

their derivatives with distinct structures and perfor-

mances for inner and outer layers. Liu et al. prepared

a core–shell N-doped C@SnO2 hybrid paper without

binder and conductive additives by a coaxial elec-

trostatic spinning method, and used it as an anode for

LIBs, exhibiting excellent electrochemical properties

[25]. In our previous work, coaxial electrospinning is

used to fabricate a root-whisker structured CNFs-

CNTs free-standing anode, which shows great affin-

ity with electrolytes, and boosts the electrochemical

kinetics, due to the precise catalyst deposition on the

outer layer [26, 27].

Herein, we propose a surface porous carbon

nanofiber (SPCNFs) structure, which is prepared by

coaxial electrospinning and programmed heat treat-

ment. The fibers have two layers, the inner layer is

dense carbon, while the outer layer of a porous car-

bon structure. Because of its unique solid inner layer

and improved mechanical properties, the surface

porous electrode is more stable in the process of high

current and long-cycle constant current charge and

discharge process. This work not only provides a new

method for the construction of carbon nanomaterials

with different internal structures, but also supplies a

novel strategy for improving the specific capacity of

LIBs based on porous CNFs anodes, without dam-

aging their mechanical properties and cycle

performances.

Experiment

Materials

Polyacrylonitrile (PAN, Mw = 150,000) was bought

from Chongqing Zhongna technology co. LTD.

China. N, N-dimethylformamide (DMF) was bought

from Shanghai Aladdin biochemical technology co.,
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LTD.China. Polymethyl methacrylate (PMMA) was

bought from Shanghai Macklin Biochemical Co., Ltd.

Preparation of surface porous carbon
nanofiber membranes

Synthesis of PAN@PMMA/PAN nanofiber mem-

branes using coaxial electrospinning technology. A

clear solution was obtained, by dissolving 1.5 g PAN

powder in 16 g DMF and stirring. Then, three dif-

ferent outer layer solutions were prepared by adding

3.5 g (PAN: PMMA = 3:7), 1.5 g (PAN: PMMA =

5:5), and 0.64 g (PAN: PMMA = 7:3) of PMMA by

mass, respectively. 3 g of PAN powder was dissolved

in 22 g DMF to obtain the inner layer solution.

Homogeneous solutions were both obtained through

stirred at 55 �C for 12 h under magnetic force. The

electrospun films were collected by aluminum foil at

the voltage of 12–18 kV and dried at 60 �C for 24 h.

The as-prepared PAN@PMMA/PAN fibers were first

stabilized at 270 �C for 1 h in air. Then, the fabricated

samples were placed in a tube furnace, and car-

bonized for 2 h at 800 �C in nitrogen to obtain surface

porous carbon nanofiber membranes (SPCNFs).

Based on the content of PMMA in the spinning pre-

cursor, the three obtained films are denoted as

SPCNFs-3:7, SPCNFs-5:5, SPCNFs-7:3. For compar-

ison, porous carbon nanofibers(PCNFs) were pre-

pared by uniaxial spinning technique, according to

the ratio of the outer layer solution, and were noted

as PCNFs-3:7, PCNFs-5:5, PCNFs-7:3, and the carbon

nanofibres (CNFs) are obtained by direct carboniza-

tion of PAN films with a mass fraction of 12% under

the same conditions.

Preparation and testing of the electrodes

The SPCNFs-5:5 film was directly used as an anode

without assistant adhesives and conductive agents.

The Celgard 2400 has been adopted as the separator.

CR2025 coin cells were assembled in a glove box fil-

led with argon (H2O\ 0.1 ppm, O2\ 0.1 ppm), and

the electrolyte were 1 M LiPF6 in ethylene carbonate

(EC), diethyl carbonate (DEC), and ethyl methyl

carbonate (EMC) with 5% fluoroethylene carbonate

(EC: DEC: EMC = 1:1:1). The cyclic voltammetry

(CV) tests were conducted by CHI760E electrochem-

ical workstation, at a scan rate of 0.1 mV s-1. Gal-

vanostatic charge/discharge cycles, were performed

by a Wu-Han LAND CT3001A battery test system, in

a voltage range of 0.01–3.0 V. Electrochemical impe-

dance spectroscopy (EIS) measured by the CHI760E

in the frequency range from 100 kHz to 0.01 Hz, and

the amplitude is 5 mV. All the capacities are calcu-

lated according to the total mass of the anode.

Material characterization

The surface morphology and internal structure of the

obtained films, were characterized using field emis-

sion scanning electron microscopy (SEM), high-reso-

lution transmission electron microscopy (HRTEM),

and X-ray diffractometry (XRD). The mechanical

properties of the membranes were evaluated, using a

universal strong machine. The specific surface area

was determined by the Brunauer–Emmett–Teller

(BET) method.

Results and discussion

Structure and morphology of surface porous
carbon nanofibers

Figure 1 depicts the detailed mechanism of the for-

mation of such nanostructures. Firstly, both spinning

solutions enter the coaxial needle at the same time,

the inner layer is a PAN solution, and the outer layer

is a homogeneous mixture of PAN and PMMA. PAN

was the carbon source, and PMMA was the poro-

genic agent. Secondly, the film is pre-oxidized in a

blast oven to make it resistant to high temperatures.

Thirdly, carbon nanofibers are obtained by cleavage

of PMMA in the carbonization process [28, 29].

There is a clear two-phase incompatibility between

PAN and PMMA, so that the outer spinning liquid

obtained after stirring has a clear two-phase interface,

and is loosely connected [30]. Under the drawing of

an applied electric field, the PMMA is drawn toge-

ther and cleaved at high temperatures in a nitrogen

atmosphere to form continuous pores. Firstly, the

interlaced fiber network provides faster power and

ion transport channels. Secondly, the inner layer

solution is designed as a 12% mass fraction PAN

solution, which is carbonized to provide strong sup-

port for the porous CNFs on the surface, ensuring the

structural integrity of the anode during cycling, and

improving cycling performance and reversible elec-

trochemical reactions. Furthermore, the outer layer

porous structure is believed to provide a high specific
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surface area, increasing the wettability of the elec-

trolyte, and providing more active sites for the

embedding of lithium ions [13, 31].

Figure 2a–e shows the SEM images of CNFs,

PCNFs-5:5, SPCNFs-5:5, and their corresponded

cross-sectional views. In Fig. 2a, the normal CNFs are

randomly distributed to form an interwoven net-

work. All nanofibers show a smooth surface and a

uniform diameter distribution of about 300 nm.

However, the fiber diameters show a slight increase

for both PCNFs and SPCNFs, after introducing holes.

Furthermore, the surfaces are not smooth anymore,

which should be attributed to the collapse of the fiber

structure, resulted in forming of pores. Fortunately,

due to the retaining of the dense and solid carbon

structure of the inner layer for SPCNFs, the damage

of fibers seems to be relieved (Fig. 2c). Figure 2d, e

reveals the cross-sectional structure of PCNFs-5:5 and

SPCNFs-5:5. Comparing with PCNFs, all of the holes

are formed at the outer layer of SPCNFs, due to the

arranged distribution of porogenic agent PMMA at

the outer of the spinning solution based on the

coaxial technique.

The HRTEM images, further depict more structural

details of the SPCNFs-5:5 composite. Figure 3f shows

the HRTEM and selected area electron diffraction

(SAED) images of SPCNFs. Instead of a clear

diffraction ring in the center of the transmission spot,

a diffuse halo spot appears, indicating that the sur-

face porous structure produced by the template

method, i.e., cleavage of PMMA, does not affect the

crystallinity of the CNFs, which are still composed of

amorphous carbon [32, 33].

Figure 2g–i shows the SPCNFs prepared at differ-

ent ratios of PMMA content in the outer layer. As can

be observed in Fig. 2g, when PAN: PMMA = 3:7, the

fiber surface shows deep grooves, which are pro-

duced by the thermal cleavage of PMMA. This is due

to the significant incompatibility between the two

phases of the spinning solution, when the PMMA

ratio is large, with more PMMA particles forming

aggregates during the spinning process, and cleaving

to produce larger diameter pores [34]. As the PMMA

ratio decreases, the holes on the fiber surface tend to

close, and become gradually smoother. As shown in

Fig. 2h, when PAN: PMMA = 5:5, a core–shell

structure can be observed, showing ring-like pores.

This surface porous structure produces both distinct

pores and maximum retention of the strength of the

fiber [35]. As can be seen in Fig. 2i, when PAN:

PMMA = 7:3, the fiber surface is smooth as that of

CNFs, which may be induced by a little porous

structure inside. Thus, we choose the sample with the

ratio of PAN: PMMA = 5:5, for further investigation

of their structures and mechanical and electrochem-

ical performances. Such a structure provides more

Figure 1 Schematic illustration of the fabrication procedure for SPCNFs.
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active sites for the embedding of lithium ions, but

also maximizes the stability of the structure, and

improves the cycling stability of the electrode mate-

rial during charging and discharging.

Figure 3a shows the XRD patterns of CNFs,

PCNFs-5:5, and SPCNFs-5:5. The peaks of CNFs,

PCNFs-5:5, and SPCNFs-5:5 at 2h about 25� corre-

spond to (002) graphitized layer, and PCNFs-5:5 and

SPCNFs-5:5 show a peak at 2h about 43.5� that is not
obvious in CNFs, corresponding to the carbon sur-

face of (100) turbocharged layer, indicating the

appearance of a partially graphitized structure,

which may be due to the rearrangement of the

microstructure of PMMA during thermal cracking,

and the change in the layer order of the turbocharged

layer [22, 36, 37].

The N2 adsorption–desorption isotherms for CNFs,

PCNFs-5:5, and SPCNFS-5:5 are shown in Fig. 3b.

The specific surface areas of CNFs, PCNFs-5:5, and

SPCNFs-5:5, were 13.46, 81.34, and 56.70 m2g-1,

respectively. The significant increase in specific sur-

face area was attributed to the formation of a large

number of pores by thermal cracking of PMMA [38].

CNFs have the greatest tensile rupture strength, but

SPCNFs-5:5 have better tensile rupture strength than

PCNFs-5:5, probably due to the generation of porous

structures that reduce the ability of the fibers to resist

deformation. Figure 3d shows the elastic modulus of

Figure 2 SEM images of

a CNFs, b PCNFs-5:5,

c SPCNFs-5:5, d Cross-

sectional view of PCNFs-5:5,

e Cross-sectional view of

SPCNFs-5:5. f HRTEM

images of SPCNFs-5:5. SEM

images of g SPCNFs-3:7,

h SPCNFs-5:5, i SPCNFs-7:3.

Figure 3 a XRD patterns of CNFs, PCNFs-5:5, and SPCNFs-5:5. b N2 adsorption–desorption isotherm of CNFs, PCNFs-5:5 and

SPCNFs-5:5. c Stress–strain curves of CNFs, PCNFs-5:5, and SPCNFs-5:5, d elastic modulus of SPCNFs-5:5, PCNFs-5:5 and CNFs.
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the three fiber films, SPCNFs-5:5, PCNFs-5:5, and

CNFsde modulus of 213.75, 186.12, and 319.19 MPa,

respectively, demonstrating that the tensile strength

of SPCNFs-5:5 was improved, compared to PCNFs.

SPCNFs-5:5 combines the advantages of both, with

the inner structure providing strength, and the outer

pore structure providing the Li? embedding sites

[34, 39].

Electrochemical performance

Figure 4a shows the EIS analysis for the different

electrodes. EIS can reflect the charge transfer impe-

dance and ion diffusion kinetics during lithium-ion

storage. As can be seen from the diagram, the

Nyquist plots for the different scales of electrode

materials all consist of a semicircle in the high-fre-

quency region and a sloping line in the low-fre-

quency region. The semicircle in the high-frequency

region corresponds to the migration resistance,

resulting from the passage of Li? through the SEI

layer process and the charge transfer resistance at the

electrolyte/electrode interface. The diagonal line in

the low-frequency region corresponds to the diffu-

sion process of Li?. The semicircular diameter of

SPCNFs-5:5 in the high-frequency region is smaller

than that of CNFs, due to the formation of holes that

increase the specific surface area, and provide more

active sites for lithium ions. At the same time, the

presence of the nucleation layer increases the

strength of the fiber to maximize resistance to dam-

age caused by electrochemical reactions, providing a

complete structure for the embedding and detach-

ment and transfer of lithium ions, which is why the

semicircular diameter of SPCNFs-5:5 in the high-fre-

quency region is smaller than that of PCNFs-5:5.

There is no significant difference in the slope of the

low-frequency region, indicating a similar diffusion

process of Li? in the three types of electrode mate-

rials [40–42].

Figure 4b shows the first three turns of cyclic

voltammograms obtained for the SPCNFs-5:5 at a

scan rate of 0.1 mV s-1 over a voltage range of

0.01–3 V. There are significant differences between

the first turn voltammogram and the rest of the

voltammogram. In the first cycle of the reduction

course of the SPCNFs-5:5 free-standing anode, a

distinct cathodic peak appears near 0.75 V, indicating

an irreversible reaction, i.e. the creation of an irre-

versible solid electrolyte interphase (SEI) layer and

other side reactions [43, 44]. A plateau peak of

around 0.5 V appears during the oxidation process,

corresponding to the insertion of the Li? out of the

graphite layer. The curves of the second and third

circles overlap well, indicating the good structural

stability and repeatability of the free-standing anode

membrane [44, 45].

Figure 4c shows the charge and discharge curves

for the first three, fiftieth and hundredth turns of the

SPCNFs-5:5 free-standing anode at a current density

of 100 mA g-1. There is a discharge plateau of

around 0.75 V in the first turn, corresponding to the

cathodic peak in Fig. 4b. The absence of a significant

discharge plateau during subsequent cycling is con-

sistent with the work of peer researchers, and is in

line with the characteristics of carbon-based anodes

[4, 38, 46]. The curves of the 50th and 100th turn still

overlap well, also indicating the good structural sta-

bility of the composite film [43].

Figure 5a shows the cycling performance of

SPCNFs-5:5, PCNFs-5:5, and CNFs measured at a

current density of 100 mAg-1. The first cycle

Figure 4 a The EIS analysis of different electrodes. b CV curves of SPCNFs-5:5 at 0.1 mV s-1. c Galvanostatic charge–discharge curves

of SPCNFs-5:5.
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discharge capacities of SPCNFs-5:5, PCNFs-5:5, and

CNFs were 1083.33, 936.43, and 342.5 mAh g-1

respectively. The first cycle discharge capacity of

SPCNFs-5:5, is significantly higher than that of CNFs,

which is due to the porous structure of the surface

providing more active sites, and allowing the elec-

trode sheet to be in full contact with the electrolyte,

which is conducive to the de-embedding of Li? [22].

However, comparing with PCNFs-5:5, there is just an

inconspicuous increase of initial capacity for

SPCNFs-5:5. Although pores in the outer layer of

SPCNFs-5:5 show an obvious trend to migrate to the

surface of the fibers (which is shown in Fig. 2d, e),

which could bring a little increase in specific surface

area and capability to catch Li?, the whole outer layer

porous structure of PCNFs-5:5 and SPCNFs-5:5, are

inevitably similar with each other. This accounts for

the phenomenon that SPCNFs-5:5 do not show a

great advantage in initial capacity than PCNFs-5:5.

After the first charge/discharge cycle, the amounts of

SPCNFs-5:5, PCNFs-5:5, and CNFs, were 610, 518.14,

and 287.92 mAh g-1, respectively, with capacity

retention rates of 56.31%, 55.33%, and 84.06%,

respectively. It is interesting to find that the initial

discharge capacity of CNFs is small, but the capacity

retention is better and significantly higher than the

other two electrode materials, due to their homoge-

neous fiber morphology, non-porous structure, and

less consumption of electrolytes. At a current density

of 100 mA g-1, the three-electrode materials showed

good cycling stability after 100 charges/discharge

cycles. The Coulomb efficiency is approximately

equal to 100%, when all three electrode materials

reach a steady state, indicating that the Li? interca-

lation process is highly reversible. After 100 cycles,

the discharge capacities of SPCNFs-5:5, PCNFs-5:5,

and CNFs were 445.33, 354.43, and 274.17 mAh g-1,

respectively. The higher discharge capacity of

SPCNFs-5:5 and PCNFs-5:5, compared to CNFs, is

due to the ability of the pore structure to accommo-

date the volume changes during the reaction, and

provide more active sites. Furthermore, owing to the

improved mechanical properties, the surface porous

while the inner dense structure of SPCNFs-5:5 can

maintain better structural stability and electrochem-

ical performance than that of PCNFs-5:5 [40, 47].

Figure 5b shows the rate performance of SPCNFs-

5:5, PCNFs-5:5, and CNFs. Rate performance refers to

Figure 5 a Cycling

performance of CNFs, PCNFs-

5:5, and SPCNFs-5:5 at

100 mA g-1. b Rate

performance of CNFs, PCNFs-

5:5, and SPCNFs-5:5. c Long-

term cycling performance of

CNFs, PCNFs-5:5, and

SPCNFs-5:5 at 1 A g-1.
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the magnitude, retention, and recovery of capacity

exhibited at current densities. The current densities

are cycled at 100, 200, 300, 500, and 1000 mA g-1, in

sequence, with each cycle performed 10 times. The

final discharge capacities of SPCNFs-5:5 are 543.75,

460, 427.5, 392.5, 317.5 mAh g-1 when the current

densities are 100, 200, 300, 500, 1000 mA g-1. When

the current density returns to 100 mA g-1, the

capacity returns to 547.92 mAh g-1. The excellent

rate performance of SPCNFs-5:5 is due to its unique

surface porous structure, which accommodates

volume changes during the reaction process, ensures

efficient penetration of the electrolyte into the elec-

trode sheet during cycling, and also tolerates multi-

ple dislodgement and insertion of lithium ions,

without damaging the electrode sheet.

The charge/discharge distribution of SPCNFs-5:5

at a high current density of 1 A g-1 is shown in

Fig. 5c. The initial discharge capacity of SPCNs-5:5 is

777.94 mAh g-1. After 1000 cycles, the capacity

becomes 388.92 mAh g-1, with a capacity retention

rate of 49.99%. At a steady-state, the Coulomb

Table 1 Comparison of the capacity loss rates of the three electrode samples

Materials Current density

(mA g-1)

Initial capacity

(mAh g-1)

Cycle

number

Retained capacity

(mAh g-1)

Capacity loss rate

(%)

CNFs 1000 631.88 1000 179.38 71.62

PCNFs-5:5 1000 946.67 1000 310.66 67.18

SPCNFs-

5:5

1000 777.94 1000 388.92 50.01

Figure 6 a Digital photo and bending test inset. SEM images of the freestanding electrode after 1000 cycles at 1 A g-1 b PCNFs-5:5,

c SPCNFs-5:5, d Power the small fan.

Table 2 Comparison of the

Capacity of SPCFs with some

other porous carbon-based

material

Materials Cycle Current density (mA g-1) Capacity (mAh g-1) Refs

SPCNFs-5:5 100 100 445.33 This work

1000 1000 388.92

Graphite 372.07 Theoretical

Bio-derived Carbon 200 124 160 [48]

PCNFs 100 200 354 [22]

N- PCNFs 500 1000 780 [46]

Hollow-PCNFs 50 50 293.7 [49]

PCNFs-@MoS2 50 50 736 [50]

Si@SiOx@CNFs 100 500 1104 [51]

ES-CNCo3O4 500 2000 705 [52]

Zn-MOFsderived PCNFs 200 100 520 [53]

CoMoO4/CNFs 200 200 802 [54]

TiO2 Sn@CNTs 1100 200 643 [55]
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efficiency is approximately equal to 100%. The above

shows that SPCNFS-5:5 has good long-cycle perfor-

mance at high current densities [12]. The specific

capacity decay rate of SPCNFs-5:5 1000th lap with

respect to 600th lap is 14%, while the decay rate of

PCNFs-5:5 1000th lap with respect to 600th lap

increases to 19%. Especially after 600 cycles of charge

and discharge, the LIBs with PCNFs-5:5 anode exhi-

bit a higher fading rate than that of LIBS with

SPCNFs-5:5.

We compared the capacity loss rates of the three

electrode samples, as showed in Table 1. At a current

density of 1000 mA g-1 for 1000 cycles, the capacity

loss rate of SPCNFs-5:5, was 50.01% significantly

smaller than that of PCNFs-5:5 and CNFs (67.18%,

71.62%), which shows significant cycling stability

performance, mainly due to the surface porous

structure with both abundant active sites and

mechanical strength.

Figure 6a shows SPCNFs-5:5 original freestanding

electrode discs with good bendability and flexibility.

Figure 6b shows the SEM image of PCNFs-5:5 as an

electron electrode after 1000 cycles at 1 Ag-1 current

density, and the fibers showed a significant fracture.

However, the SEM images of SPCNFs-5:5 are shown

in Fig. 6c, the composite membrane structure remains

relatively intact, with no significant structural chan-

ges. The excellent structural stability of SPCNFs-5:5

films ensures that they can be cycled effectively over

long periods at high current densities. The SPCNFs

are used as anodes to obtain a 2025 coin cell that can

keep the small fan turning, which demonstrated the

stable cycling capability of the battery. This once

again proves that SPCNFs have practical

applications.

We compared the work we did with other litera-

ture on porous carbon nanofibers, as shown in

Table 2. The rate performance and long-cycle stabil-

ities of SPCNFs-5:5 are superior to those of CNFs and

PCNFs, mainly because SPCNFs-5:5 produces a por-

ous structure, while partially retaining the mechani-

cal strength of the fibers, which is conducive to

improving structural stability. However, the perfor-

mance is inferior to anode materials with metal oxi-

des or metal particles added, which is mainly

superior to metal particles or metal oxides that can

act as active substances, and play a role in improving

charge transfer.

Conclusions

We have successfully developed CNFs films with a

surface porous structure that can be used as a free-

standing anode for LIBs. Coaxial electrostatic spin-

ning technology and template method allow simpli-

fied and controlled preparation of SPCNFs. Thanks to

its unique surface porous structure, it can accom-

modate both the volume changes during the reaction,

providing more active sites, while maximizing the

retention of fiber strength and improving cycle sta-

bility. All of these contribute to a high specific

capacity (610 mAh g-1 after 100 cycles at

100 mAh g-1). Excellent rate performance can be

observed (317.5 mAh g-1 at 1000 mA g-1,

547.92 mAh g-1 after 10 cycles at 100 mA g-1). Sta-

bility at high current densities can also be guaranteed

(388.92 mAh g-1 after 1000 cycles at 1 A g-1). In

conclusion, this work provides a new idea for the

preparation of free-standing anodes of LIBs, which

holds great promise for simplifying the process,

increasing capacity, and improving cycle stability.
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