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(a) Multichannel TiO, microtubes

(c) Hollow TiO, nanofibers

(d) Graded V,05-TiO, Ta,05 nanofibers

(e) Porous TiO; nanofibers
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Fig.2 Electrospinned metal oxide nanofibers with controllable morphology!™
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Fig. 3 Schematic diagram of the synthesis of Si composite material/carbon nanofiber (CNF) electrode
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Fig. 4 Performance diagram of flexible porous nitrogen doped
carbon nanofiber membrane battery®”
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(c) TEM images of annealed ZnFe,0,/CNFs
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(b) SEM images of annealed ZnFe,04/CNFs
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(d) HRTEM images
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Fig. 5 SEM image of ZnFe,04/CNFs, SEM, TEM and HRTEM images of annealed ZnFe,04/CNFs]
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Tablel Electrochemical performance of electrospun metal oxides with CNFs

Materials Performance Rate Precursor component Heat treatment Ref.
TiO,—CNFs 130 mAh/g after 450 cycles 05C PAN 800 C/1h [51]
Hollow TiO,—CNFs 152 mA-h/g after 100 cycles 185 mA/g PVP 500 C/1h [52]
ZnFe,04~CNFs 753 mA-h/g after 200 cycles 5000 mA/g PVP 600 ‘C/3h [53]
Zn; 4 MnyFe,0,—~CNFs 612 mA-h/g after 50 cycles 60 mA/g PVP 400 ‘C/3h [54]
LisTisO,2/Ag—CNFs 172 mA-h/g after 100 cycles 02C PVP 750 ‘C/3h [55]
LiyTisO;>~CNFs 134 mA-h/g after 50 cycles 20C PVP 550 'C/3h [56]
TiNb,O;—CNFs 191 mA-h/g after 500cycles 10C PVP 1000°C/5h [57]
a-Fe,O3—CNFs 601.2 mA-h/g after 300 cycles 0.1C PAN 700 C/2h [58]
Co0304,~CNFs 1446 mA-h/g after 50 cycles 911 mA/g PAN 500 C/3h [59]
Porous Co3;04,~CNFs 1024 mA-h/g after 100 cycles 100 mA/g PAN/PMMA 500 C/1h [60]
Co0304~CNFs 1000 mA-h/g after 60 cycles 100 mA/g PAN 500 C/2h [61]
MnO-CNFs 557 mA-h/g after 50 cycles 50 mA/g PAN 500 C/5h [62]
Hollow NiO-CNFs 1050 mA-h/g after 400 cycles 50 mA/g PVP 600 ‘C/5h [63]
MoO,-CNFs 537 mA-h/g after 600 cycles 1 000 mA/g PVA 650 ‘C/4h [64]

(To be continued)
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(Continued to Table 1)

Materials Performance Rate Precursor component Heat treatment Ref.
Fe,03-CNFs 1095 mA-h/g after 50 cycles 50 mA/g PVA 800 °C/1h [65]
Li»ZnTi;0s—CNFs 208 mAh/g after 1000 cycles 1 000 mA/g PAN 700 C/1h [66]
Hollow SnO,—CNFs 375 mA-h/g after 700 cycles 3000 mA/g PAN 600 'C/3h [67]
Nb,Os—CNFs 238 mA-h/g after 1000 cycles 1 000 mA/g PVP 600 'C/2h [68]
CaSnO;—-CNFs 570 mA-h/g after 50 cycles 60 mA/g PAN 600 ‘C/4h [69]
CuO-CNFs 772 mA-h/g after 50 cycles 100 mA/g PAN 1000 ‘C/1h [70]
ZnCo,04—CNFs 447 mA-h/g after 500 cycles 50 mA/g PVP 550 C/5h [71]
LisTisO;,—CNFs 150 mA-h/g after 100 cycles 30 mA/g PAN 500 ‘C/2h [72]
Fe;04—CNFs 755 mA-h/g after 80 cycles 100 mA/g PAN/PMMA 650 ‘C/10h [73]
CuO/rGO-CNFs 400 mA-h/g after 600 cycles 1 000 mA/g PAN 800 C/1h [74]
Mesoporous SnO,—~CNFs 712.6 mAh/g after 300 cycles 200 mA/g PAN/PMMA 600 ‘C/4h [75]
SnO,~ZnO-CNFs 963 mA-h/g after 55 cycles 100 mA/g PAN 700 ‘C/2h [76]
Fe3;04—CNFs 1000 mA-h/g after 80 cycles 200 mA/g PAN 500 °C/2h [77]
LiyTisO1,—CNFs 199.5 mA-h/g after 20 cycles 1C PVP 750 ‘C/3h [78]
SnO,/NiO-CNFs 675 mA-h/g after 100 cycles 100 mA/g PAN 800 'C/2h [79]
Sn—SnO,-CNFs 445.2 mA-h/g after 30 cycles 150 mA/g PVA 600 ‘C/2h [80]
SnO,-TiO,—CNFs 600 mAh/g after 100 cycles 500 mA/g PAN 500°C/2h [81]
NiO-Co304—CNFs 1206 mA-h/g after 100 cycles 100 mA/g PAN 550°C/2h [82]
SnO,-TiO,—CNFs 766 mA-h/g after 200 cycles 100 mA/g PAN 600 'C/2h [83]
SnO,-Fe,03;—-CNFs 672 mA-h/g after 100 cycles 400 mA/g PVP 450 °C/2h [84]
Sb—SnSb-TiO,—CNFs 561.3 mA-h/g after 100 cycles 100 mA/g PAN 600 ‘C/2h [85]

PVP is polyvinylpyrrolidone; PVA is polyvinyl alcohol; PAN is polyacrylonitrile; PMMA is polymethyl methacrylate.
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Research Progress on Electrospinning Technology in Negative Electrode Materials for
Lithium-Ion Batteries
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(School of Materials Science and Engineering, Liaoning University of Engineering and Technology, Fuxin 123000, Liaoning, China)

Extended Abstract

Lithium-ion batteries are considered as one of the most promising energy storage devices in the field of renewable energy due to
their high energy density, low weight density, long cycle life, and lack of memory effect. The commonly used powder electrode in
commercial lithium-ion batteries has some issues such as a poor rate performance and a significant volume expansion, leading to a
poor battery cycle stability. The development of fiber materials with advanced nanostructures is a crucial approach to address these
challenges. Nanofibers offer unique advantages including high specific surface area, excellent mechanical strength, and good
flexibility. When utilizing a negative electrode material for lithium-ion batteries, nanofiber electrodes can accommodate large volume
changes and provide an interconnected conductive path during battery cycles. Various anode materials with a carbon nanofiber
structure can be prepared by an electrospinning technology. Carbon nanofibers have attracted much attention due to their special
nanostructure, outstanding mechanical properties, large specific surface area at the electrode-electrolyte interface, short ion transport
length, and efficient longitudinal electron transport. In addition, a variety of lithium-ion battery anode materials can be encapsulated
in carbon nanofibers, and special structures such as porous, hollow, and core-shell can be formed via simply changing the parameters
of electrospinning or controlling the shape of the fibers during annealing. This special structure has a large specific surface area and
enough gap space, which can withstand the volume change during the lithium ion embedding process, and has a large surface area. It
can also provide a more open channel for the rapid migration of ions and electrons, thereby improving electrochemical performance
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and meeting the growing demand for lithium-ion batteries. The electrospinning technology becomes the main method to prepare
various nanofiber structures of lithium ion batteries.

In this review, the spinning principle of carbon nanofibers and its influencing factors were introduced. And carbon nanofibers
prepared by electrospinning were described as a lithium storage mechanism for lithium-ion batteries. Also, carbon nanofiber anode
materials for lithium-ion batteries prepared by electrospinning were recommend. The effects of element, metal oxide, polyoxide and
sulfide on the structure and properties of carbon nanofiber composite anode materials were described.

Elements such as silicon and tin possess a high theoretical energy density and a low working potential. Unfortunately, their poor
conductivity and cycling performance limit their commercialization. Dispersing such elemental nanoparticles into carbon nanofibers
can effectively improve cycling performance. Metal oxides can serve as electrode materials, exhibiting outstanding electrochemical
properties such as high specific capacity, excellent cycle stability, and cost-effectiveness. In addition, metal oxides also have a variety
of oxidation states, which are flexible in terms of material design. However, metal oxides have the disadvantages of a high working
voltage and a poor electrical conductivity. The composite of two or more kinds of multi-metal oxides with carbon nanofibers can
effectively reduce the working voltage and improve the electrical conductivity. Compared with metal oxides, transition metal sulfides
usually have higher electrical conductivity, theoretical specific capacity and cycling stability. Metal sulfides can be incorporated into
carbon nanofibers to construct carbon metal sulfide materials, which can effectively improve the electronic conductivity.

Summary and prospects Although the application of electrospinning technology address certain issues with lithium-ion batteries
and a significant number of controllable negative electrode materials are reported, several factors must be taken into consideration
when designing the more optimal structures to meet the market demand for high-performance lithium-ion batteries. Developing
nanofibers with a diameter less than 50 nm as smaller nanofiber materials can provide shorter diffusion paths and faster lithium ion
intercalation kinetics. The preparation of micro-/nano-structured composite fibers, such as using multi-nozzle electrospinning
technology to achieve composite fibers with controllable size and morphology, introducing heteroatoms into nanofibers, the presence
of heteroatoms on the carbon surface can improve the reaction activity and conductivity, thereby enhancing the storage capacity of
lithium ions. Electrospinning flexible batteries can be also developed. For lithium-ion battery flexible negative materials, flexible
negative materials have high porosity and interconnected open-hole structures, which can improve the ionic conductivity and
mechanical strength, so they can be more suitable for electrode materials used in lithium-ion batteries. In addition, electrospun
nanofiber materials can be applied in energy conversion and storage devices such as fuel cells, solar cells, lithium-ion batteries, and
supercapacitors. This review is of great significance for the development of these energy storage devices and also paves a way for
advanced battery systems such as lithium sulfur batteries, sodium-ion batteries, and lithium-air batterie. It is indicated that
high-performance electrospinning technology could be applied in high-performance advanced battery systems in the near future.

Keywords electrospinning; lithium-ion batteries; negative materials; carbon nanofibers



