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Electrospun materials for lithium and sodium
rechargeable batteries: from structure evolution
to electrochemical performance

Heng-Guo Wang,?® Shuang Yuan,”® De-Long Ma,” Xin-Bo Zhang® and
Jun-Min Yan*®

Electrospinning has been growing increasingly versatile as a promising method to fabricate one
dimensional (1D) designed architectures for lithium-ion batteries (LIBs) and sodium-ion batteries (SIBs).
In this review, we have summarized almost all the progress in electrospun electrode materials for LIBs,
covering the structure evolution from solid nanofibers into designed 1D nanomaterials, then 1D
composites with carbon nanofibers (CNFs), and finally into flexible electrode materials with CNFs. Such a
development trend in electrospun electrode materials would meet the battery technology and the
strong consumer market demand for portable, ultrathin/lightweight and flexible devices. Along with the
avenues of research about electrospun electrode materials for LIBs, electrospun electrode materials for
SIBs are a rapidly growing and enormously promising field. As a timely overview, recent studies on
electrospun SIB electrode materials are also highlighted. Finally, the emerging challenges and future
developments of electrospun electrode materials are concisely provided. We hope this review will
provide some inspiration to researchers over a broad range of topics, especially in the fields of energy,
chemistry, physics, nanoscience and nanotechnology.

Rechargeable batteries (e.g. lithium-ion batteries and sodium-ion batteries) hold great promise for environmentally friendly and economic renewable energy

resources. To meet the ever-expanding demand for rechargeable batteries, it is critical to design and fabricate excellent electrode materials with rational

nanostructures, especially one-dimensional nanostructures. Recently, electrospinning has become a remarkably simple, versatile and cost-effective method to

fabricate one dimensional designed architectures for lithium-ion batteries and sodium-ion batteries. This review is intended to systematically discuss all the
progress in electrospun electrode materials, covering the structure evolution from solid nanofibers into designed 1D nanomaterials, then 1D composites with

carbon nanofibers, and finally into flexible electrodes, as well as an outlook on the next generation of flexible rechargeable batteries.

1. Introduction

storage technologies, rechargeable (or secondary) batteries are
the most successfully tried technology that can repeatedly

The global energy crisis and environmental pollution have driven
scientists and engineers to develop highly efficient and environ-
mentally friendly methods of creating and storing renewable
energy. Energy conversion and storage are considered to be ever
more important in the context of the increasing global energy
demand. Among the currently available energy conversion and

“School of Materials Science and Engineering, Changchun University of Science and
Technology, Changchun 130022, China

b Key Laboratory of Automobile Materials, Ministry of Education, Department of
Materials Science and Engineering, Jilin University, Changchun 130022, China.
E-mail: junminyan@yjlu.edu.cn

¢ State Key Laboratory of Rare Earth Resource Utilization, Changchun Institute of
Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, China

1660 | Energy Environ. Sci., 2015, 8, 1660-1681

generate clean electricity from stored materials and reversely
convert electric energy into chemical energy.' Currently, research
efforts to develop versatile rechargeable batteries have mostly
focused on two types of electrochemical devices: lithium-ion
batteries (LIBs)>® and sodium-ion batteries (SIBs).*> LIBs offer
energy densities 2-3 times higher than conventional batteries,>
and therefore they have received intense attention from both
the academic community and industry as the dominant power
source in hybrid electric vehicles (HEVs), plug-in hybrid electric
vehicles (PHEVs), and full electric vehicles (EVs).® However, their
power density is relatively low because of a large polarization at
high charge-discharge rates.” On the other hand, SIBs have
attracted great attention particularly in large-scale and long-term
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electric energy storage applications for renewable energy and smart
grids because of the huge abundance of sodium resources and low
cost.®*** Indeed, where gravimetric energy density is not the
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primary concern, SIBs can be preferable to their Li-ion counter-
parts. Given the ever-growing demand for advanced batteries,
developing low cost and high-energy and -power density batteries
is of great importance. To achieve high energy and power density, it
is important to design and fabricate functional nanomaterials that
provide a high active surface area and an open shortened diffusion
path for ionic transport and electronic conduction.
One-dimensional (1D) nanomaterials have been recognized
as the most desirable material for applications in energy-related
systems. Their unique structure provides an enhanced surface-
to-volume ratio, short transport lengths for ionic transport and
efficient 1D electron transport along the longitudinal direction.
At present, these 1D nanomaterials can be prepared by a template-
directed method,** vapor-phase approach®® solution-liquid-
solid technique,®® solvothermal or hydrothermal synthesis,*”
self-assembly,*® and electrospinning. As a remarkably simple,
versatile and cost-effective industry-viable technology, electro-
spinning has been used for many years to generate 1D fibers in
a continuous process, at long length scales and with control-
lable morphology and compositions.>*”>° More importantly,
besides the relatively high production rate and simplicity of

De-Long Ma received his PhD
degree in 2014 from Jilin
University. Currently Dr Ma is a
Postdoctoral researcher at Beijing
University of Technology. He is
current working on the design
and synthesis of nano-materials
for Li-ion and Na-ion batteries.

- -( i

De-Long Ma

Dr Jun-Min Yan received her PhD
degree in inorganic chemistry from
Changchun Institute of Applied
Chemistry, Chinese Academy of
Sciences in 2006. After that, she
worked as a JSPS and NEDO
fellow at the National Institute of
Advanced Industrial Science and
Technology,  Japan. At  the
beginning of 2010, she joined the
Department of Materials Science
and Engineering at Jilin University
as a professor of “New Century
Excellent Talents in Universities of
Ministry of Education of China”. Her current research interests focus on
the development of new functional materials for (renewable) energy
storage and conversion applications.

Jun-Min Yan

Energy Environ. Sci., 2015, 8, 1660-1681 | 1661


https://doi.org/10.1039/c4ee03912b

Published on 09 March 2015. Downloaded by Changchun Institute of Applied Chemistry, CAS on 1/2/2020 1:23:52 PM.

Energy & Environmental Science

the setup, the electrospun nanofibers possess extremely high
surface to volume ratios because of their superlong lengths and
the porous substructure that is formed during the annealing
process.*’

There have already been several excellent reviews devoted to
electrospun materials for energy-related applications,®®™®* even
LIBs.°*®® This review is not intended to be a comprehensive
overview of electrospun materials for LIBs. Rather, we discuss a
range of examples to demonstrate the design and fabrication of
the unique morphology and structure prepared using electro-
spun technology and illustrate their significant contributions
to the morphological variation and structure evolution in the
study of LIBs. Our other main contribution in this work is to
focus on electrospun materials for SIBs. Recently, there has
been a great surge in developing room-temperature stationary
SIBs for large-scale electric energy storage, and a large number
of electrospun electrode materials for SIBs are already receiving
increasing attention. However, to the best of our knowledge,
there is no comprehensive review focusing on electrospun materials
for sodium-ion batteries up to now. Thus, a review article about
this topic is timely. We have tried our best to minimize the
omission of relative literature, but inevitably we may miss many
contributions, for which we apologize.

2. Principle of electrospinning

A schematic diagram of the fundamental setup for electro-
spinning is shown in Fig. 1. The conventional electrospinning setup
is mainly composed of a high voltage power supply, a spinneret with
a metallic needle and syringe pump, and a grounded collector
(typically a metal plate or a rotating mandrel). In a typical electro-
spinning process, a visco-elastic precursor solution is loaded
into the spinneret and fed through a syringe pump. When a
voltage is applied between the spinneret and the collector, the
interactions of the repulsive force developed in the precursor
solution with its surface tension causes the pendant droplet to
elongate, deforming into a conical structure called the Taylor
cone. As the applied voltage surpasses the critical value, the

» rotating
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Fig. 1 Scheme of a fundamental electrospinning set-up.
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repulsive electrostatic forces overcome the surface tension and
a charged jet of the solution is then ejected from the tip of the
Taylor cone. Then the unstable jet is elongated and whipped
continuously by electrostatic repulsion until it is deposited
onto the grounded collector, which results in the evaporation
of the solvent and the formation of solidified continuous, ultra-
thin fibres on the surface of the collector.®®%®

The first description of apparatus for this electrospinning
technique traces its roots back to an initial patent by Formhals
in 1934.°° However, the technique did not receive much attention
until the 1990s. After that, several research groups (especially that
of Reneker)”””" made a great contribution to this technique and
found that it could be used to generate nanofibers from a series of
different polymers. Since then, more than one hundred kinds of
natural and synthetic polymers have been electrospun into nano-
fibers, including water-soluble polymers, such as polyvinyl alcohol
(PVA), poly(vinyl pyrrolidone) (PVP), polyethylene oxide (PEO), and
polyacrylamide (PAAm), and non-water-soluble polymers, such as
polyacrylonitrile (PAN), polyimide (PI), poly(vinylidene fluoride)
(PVDF), polylactic acid (PLA), polymethacrylate (PMMA), poly-
styrene (PS), polyvinylchloride (PVC), and pitch.*"”> Generally
speaking, these electrospun polymer nanofibers are usually
smooth solid fibers. With the development of materials science
and nanoscience, pure solid fibers and irregular arrangements
cannot satisfy the application in many aspects. Thus, more
and more work has focused on the optimization of the electro-
spinning process parameters, including the nature of the
polymer solution, viscosity, voltage, and the flow rate, to obtain
some special arrangements or morphologies. Among these process
parameters, viscosity and voltage can play crucial roles in the
morphology. In general, low viscosity and voltage are favorable for
the formation of spheres or sphere and fiber composites rather
than fibers. This formation process of spheres can be termed as
electrospray. For example, Wang and coworkers fabricated poly-
mer materials with controllable morphologies, such as micro- and
nanofibers, spheres, cup-like, and ring-like by changing the
processing parameters.”® In addition to the fact that the
process parameters can affect the morphology, the improved
design or additional set up allows the preparation of core-shell,
hollow, porous or multichannel structures. For example, Greiner
and co-workers used coaxial electrospinning to prepare core-
sheath polymer nanofibers.” In addition to electrospun polymer
nanofibers, ceramic nanofibers and carbon nanofibers can also
be prepared by electrospinning. Ceramic nanofibers prepared
by electrospinning were first reported in 2002,”>”® and since
then, this approach has been greatly expanded to produce
ceramic or metal oxide nanofibers from more than one hundred
different materials. Herein, it should be stressed that the electro-
spinning method used for preparing ceramic nanofibers is
different from the conventional electrospinning method used
for preparing polymer nanofibers. In order to remove the
polymer and prompt the formation of the ceramic or metal
oxides, researchers combine the conventional electrospinning
and calcination steps to prepare nanomaterials with controllable
morphologies. For the electrospinning part, as mentioned above,
the diameters, morphology (such as spheres or fibers) and

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Electrospun metal oxide nanofibers with designed and controllable
morphologies: (a) porous V,0s nanotubes,”” (b) hierarchical V,05-TiO,—
Ta,0s nanofibers,”® (c) hollow TiO, nanofibers,”® (d) multichannel TiO,
microtubes,®® (e) porous TiO, nanofibers,® (f) nanowire-in-microtube
TiO, fibers,®2 and (g) mesoporous V,0s nanofibers.&

structure (such as core-shell, hollow, porous or multichannel)
can be facilely controlled by simply changing the electrospin-
ning parameters (such as viscosity, voltage or flow rate) or
improving the electrospinning setup (such as using a single-
spinneret or multi-spinneret).”®””* For the calcination part, the
crystallinity or designed structure (such as porous, hollow,
core-sheath or hierarchical) can be facilely controlled by simply
changing the calcination parameters (such as temperature
or time) or precursor parameters (such as composition or
additive).”>®® Hence, electrospinning has been growing as an
increasingly versatile method to fabricate various designed
architectures (Fig. 2). Furthermore, carbon nanofibers (CNFs)
can also be prepared by calcining the fibers electrospun from

View Article Online
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different types of precursor polymers, such as PAN, PI, PVA,
PVDF, and pitch. It is well known that these designed and
controllable structures are often required for rechargeable
batteries, especially for LIBs. Therefore, electrospinning has
become an important, popular and effective technique to prepare
electrode materials for LIBs. Table 1 shows some typical examples
of electrospun nanomaterials with controllable morphologies
for LIBs. Tables 2 and 3 briefly describe the electrode materials
based on electrospun CNFs for LIBs.

3. Electrospun nanomaterials in
lithium-ion batteries

Undoubtedly, lithium-ion batteries (sometimes abbreviated to
Li-ion batteries) have attracted much research attention due to
their high energy density, low gravimetric density, long cycle
life and lack of memory effect. Indeed, LIBs have established a
strong market position, especially for portable electronic devices
since they were first commercialized in the early 1990s. At present,
most commonly used electrode materials for commercial LIBs are
based on powder materials, such as graphite as the anode and
lithium metal oxide as the cathode. However, these powder
materials have long diffusion pathways for the lithium ions. This
may result in the low rate performance and large volume expan-
sion occurring during cycling, which may result in the poor
cycling stability. An important approach to mitigate/resolve the
problems is to employ advanced nanostructured materials with
designed morphologies. Electrospinning has been recognized

Table 1 Electrochemical performance of designed electrospun nanomaterials

Materials Structure Performance Rates Ref.
Sno, Nanofiber 446 mA h g~ after 50 cycles 100 mA g~* 84
CuO Nanofiber 425 mA h g™ ! after 100 cycles 100 mA g 85
ZnFe,0, Nanofiber 733 mA h g ! after 30 cycles 60 mA g ' 86
Zn; _,Mn,Fe,O, Nanofiber 612 mA h g™ " after 50 cycles 60 mA g ' 87
Li,ZnTi;0g Nanofiber 223.7 mA h g~ ! after 10 cycles 227 mAg ! 88
Ag or Au-TiO, Nanofiber ca. 150 mA h g~ after 50 cycles 33mAg ! 89
V,05 Ultralong nanofiber 201 mA h g™ ! after 50 cycles 30mAg ! 90
V,0s Nanofiber 228 mA h g ! after 50 cycles 35mAg ! 91
Al-intercalated V,05 Nanofiber >150 mA h g~ " after 50 cycles 35mA g’ 92
Nb,O5 Nanofiber ca. 213 mA h g~ after 60 cycles 50 mA g ! 93
TiO, Nanofiber 188 mA h g~ after 100 cycles 40 mA ¢! 94
Li,TisO1, Nanofiber ca. 135 mA h g™ " after 50 cycles 16 mAg " 95
LiCoO, Nanofiber 123 mA h g~ after 20 cycles 20mAg! 96
Li; ,Nig 17C00.17Mng 50, Nanofiber ca. 169 mA h g’1 after 60 cycles 143 mAg 1 97
Fe,0; Nanorod 1095 mA h g~ after 50 cycles 50 mA g " 98
NiO Porous nanofiber 638 mA h g~ ! after 50 cycles 40 mAg! 99
NiO-ZnO Porous nanofiber 949 mA h g~ ! after 120 cycles 200 mA g ! 100
Sno, Porous nanotube 808 mA h g™ ! after 50 cycles 180 mA g 101
CasSnO; Porous nanotube eggroll 565 mA h g ' after 50 cycles 60 mA g ' 102
CaSnO; Nanotube 648 mA h g~ ' after 50 cycles 60 mA g ! 103
ZnCo,0, Porous nanotube 1454 mA h g after 30 cycles 100 mA g 104
V,0s Porous nanotube 105.6 mA h g~ ! after 250 cycles 2Ag ! 77
Nitridated TiO, Hollow nanofiber 156 mA h g~ ' after 100 cycles 0.2 C 105
TiO, or TiO,-Ag Hollow fiber ca. 100 mA h g after 52 cycles 1C 106
TiNb,O, Nano-pearl-string 250 mA h g™ after 50 cycles 387 mAg ! 107
LiCo0,-MgO Core-shell fiber 163 mA h g~ after 40 cycles 20mA g ! 108
B-Ago.33V205 Nanorod 180 mA h g~ after 30 cycles 20mAg! 109
MoO,-modified TiO, Nanofiber 514.5 mA h g ! after 50 cycles 0.2 C 110
C030,-TiO, Hierarchical fiber 632.5 mA h g~ ' after 480 cycles 200 mA g ! 111

This journal is © The Royal Society of Chemistry 2015
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Table 2 Electrochemical performance of electrospun 1D composites with CNFs

Material Performance Rates Ref.
Hollow carbon nanospheres in CNFs 410 mA h g™ ! after 300 cycles 2.2C 112
Hollow carbon nanospheres in CNTs 330 mA h g ! after 650 cycles 3.7A¢g" 113
Sn in porous multichannel CMTs 648 mA h g~ ! after 140 cycles 100 mA g ' 114
Sn in bamboo-like hollow CNFs 737 mA h g~ ! after 200 cycles 495 mAg! 115
Co-Sn alloy/CNFs 560 mA h g~ ' after 80 cycles 161 mA g " 116
Plum-branch-like SnO,-CNFs 539.4 mA h g~ " after 30 cycles 100 mA g 117
Ultra-uniform SnO,-CNFs 608 mA h g~ ! after 200 cycles 500 mA g " 118
Ni-added SnO,-CNFs 447.6 mA h g~" after 100 cycles 100 mA g~ 119
Uniform TiO,~CNFs 206 mA h g~ ! after 100 cycles 30mAag ! 120
Porous TiO,~-CNFs 680 mA h g~ ! after 250 cycles 100 mA g * 121
Porous Co;0,-CNFs 534 mA h g~ ' after 20 cycles 100 mA g~ 122
MoO,-CNFs 762.7 mA h g~ ! after 100 cycles 50mA g ! 123
MoO-CNFs 575 mA h g~ ' after 200 cycles 1000 mA g~ * 124
y-Fe,0;-CNFs 837 mA h g ! after 40 cycles 50 mA g ' 125
Fe;0,~CNFs 1000 mA h g~ after 80 cycles 200 mA g " 126
Si-CNFs 750 mA h g~ ! after 40 cycles 0.33C 127
Si-CNFs 502 mA h g~ ! after 50 cycles 50 mA g ! 128
Porous Si-CNFs ca. 1104 mA h g~ " after 100 cycles 500 mA g " 129
Si-CNFs core-shell fibers 590 mA h g~ ' after 50 cycles 50 mA g " 130
Si-CNFs core-shell fibers >1250 mA h g~ " after 300 cycles 2750 mA g~ 131
Si-CNFs-hollow graphitized carbon 1601 mA h g ' after 50 cycles 100 mA g * 132
Si-TiO,~CNFs 720 mA h g after 55 cycles 48mAg" 133
Uniform Li,TisO,,~CNFs ca. 150 mA h g~ ' after 100 cycles 30mAg ! 134
Li,Ti5sO0;,—CNFs 141 mA h g"1 after 20 cycles 0.1 C 135
LiFePO,/C submicrofibers ca. 125 mA h g™ " after 500 cycles 5C 136
Single-crystalline LiFePO,/C nanowires 146 mA h g " after 100 cycles 0.1C 137
Table 3 Electrochemical performance of electrospun flexible electrode materials with CNFs

Material Performance Rates Ref.
Porous CNFs 434 mA h g™ after 50 cycles 50 mA g ! 138
CNTs 454 mA h g~ ! after 50 cycles 50 mA g ' 139
Porous CNFs 454 mA h g7 after 10 cycles 50 mA g~ 140
Activated CNFs 385 mA h g ! after 10 cycles 100 mA g’ 141
Cu-CNFs 425 mA h g~ ! after 50 cycles 50mA g ' 142
Ni-CNFs 540 mA h g~ ! after 50 cycles 50 mA g~ 143
SnO,-CNFs core-sheath 540 mA h g~ ' after 100 cycles 50 mA g ' 144
Sn0,-CNFs 470 mA h g~ ! after 100 cycles 50 mA g ' 145
MnO,~CNFs 433 mA h g™ ! after 100 cycles 50 mA g " 146
MnO,-porous CNFs 597 mA h g~ after 100 cycles 50 mA g ' 147
MnO,—porous CNFs 597 mA h g~ ' after 100 cycles 50 mA g ' 148
Si-CNFs 773 mA h g~ ! after 20 cycles 100 mA g * 149
Si-porous CNFs 630 mA h g~ " after 30 cycles 200 mA g ! 150
Si-porous CNFs 726 mA h g after 40 cycles 50 mA g * 151
LiFePO,~CNFs 141 mA h g™ after 50 cycles 17mAg " 152
LiFePO,~CNT-CNFs 169 mA h g ' after 50 cycles 85mAg " 153
Si-hollow carbon tubes 1000 mA h g~ after 200 cycles 1000 mA g~ * 154
CNFs — — 155
Sn—-CNFs 450 mA h g~ ! after 30 cycles 25 mAg ! 156
TiO,—porous CNFs ca. 400 mA h g~ ! after 30 cycles 25mAg ! 157
Nitrogen-doped CNFs ca. 530 mA h g~ ' after 50 cycles 30mAg ! 158
Sn—-CNFs 382 mA h g~ ! after 20 cycles 0.5 mA cm > 159
Ge-CNFs 1420 mA h g~ ' after 100 cycles 243 mA g ! 160
C-Sn0,-C core-shell-shell nanofibers 837 mA h g ' after 200 cycles 79mAg ! 161
Sn-SnO,-CNFs 510 mA h g~ after 40 cycles 30 mA g’ 162
SnO,~CNFs 674 mA h g™ ! after 100 cycles 500 mA g ' 163
MnO,-CNFs 646.6 mA h g~ after 50 cycles 50 mAg ' 164
CoO-CNFs 633 mA h g after 52 cycles 100 mA g * 165
MoS,-CNFs 1150 mA h g after 100 cycles 50mAg ' 166
LiFe;_,Mn,PO,-CNFs 125 mA h g ' after 75 cycles 0.5C 167

as a simple and effective method to generate various 1D
nanomaterials, which could provide an enhanced surface-to-
volume ratio for the electrode-electrolyte interface, short transport
lengths for ionic transport and efficient 1D electron transport along
the longitudinal direction when compared to the powder materials.

1664 | Energy Environ. Sci., 2015, 8, 1660-1681

Also, electrospinning could be used to fabricate porous, hollow
and core-sheath structured metal oxides, which could provide
copious void space to accommodate the huge volume change
during charge-discharge cycling, therefore efficiently improving
the performance of the electrode materials. In this regard, the

This journal is © The Royal Society of Chemistry 2015
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versatility of electrospinning makes it highly suitable to prepare
electrode materials for LIBs. In this section, recent advances in
the areas of electrospun solid nanofibers, designed 1D nano-
materials, 1D composites with CNFs and flexible electrodes
with CNFs for LIBs will be described.

3.1. Electrospun solid nanofibers

Recent years have witnessed a growing development of various
electrospun metal oxide nanofibers for anodes in LIBs. Also, the
possible formation mechanism has been proposed. For example,
Teh et al®® synthesized electrospun ZnFe,O, nanofibers as
anode materials for LIBs. They demonstrated that the precursor
viscosity could affect the formation of the electrospun ZnFe,O,
nanofibers or ZnFe,0, nanorods (Fig. 3). As mentioned above,
sintering the electrospun polymer-inorganic salt composite not
only removes the polymer but also crystallizes the ZnFe,O,
nanoparticles. Therefore, the weight ratio of the polymer
(viscosity) in the precursor is the important and determining
factor. An increased weight ratio of the polymer results in the
incompact dispersion of the ZnFe,O, nanoparticles that tend
to break into shorter nanorods. On the contrary, a reduced
amount of the polymer helps to construct long continuous
fibers. Benefiting from the functional nanostructured architec-
ture, the nanofiber exhibits a high initial discharge capacity of
1292 mA h ¢! and retains a reversible capacity of 733 mAh g ™!
up to 30 cycles at a current density of 60 mA g™, compared to
nanorods with a capacity of ca. 200 mA h g~'. The improved
electrochemical performance could be attributed to the con-
tinuous 1D framework, which demonstrates the superiority of
electrospun solid nanofibers. For this reason, a wide variety
of metal oxide solid nanofibers have been studied by easily
changing the electrospinning precursor (Table 1).

In order to achieve a better electrochemical performance,
researchers have investigated controlling the compositions to
overcome the disadvantages of transition metal oxides. On the

alll : pvP @ : )\ (metallic precursor) @: ZnFe,O, nanoparticles

As-spun nanofibers

Heat up to 450°C at 0.5°Cmin™?
Dwell at450°Cfor2h
ZFO-NF

L 3 4

— [T

Fig. 3 (a) Formation mechanism of electrospun ZnFe,O, nanorods and
nanofibers resulting from the high and low viscosities of the solution,
respectively. The corresponding FESEM images of the nanorods (b) and
nanofibers (c).8¢
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one hand, transition metal oxides suffer from a high working
voltage (~2.1 V versus Li/Li"). To reduce the working voltage,
transition metal oxide spinels (AB,O,) with two or more transi-
tion metal elements have been constructed. For example, con-
structing ternary ZnFe,0, electrospun nanofibers by substituting
Zn into Fe,0; could show lower working voltages of ~ 1.5V, thus
effectively improving the total output voltage. Moreover, the
environmentally friendly ZnFe,O, generates a high capacity as
it implements both conversion and alloy/dealloy reactions,
simultaneously.”” Following the beneficial effect of ternary
ZnFe,0, electrospun nanofibers, Teh et al.®” further investigated
the electrochemical properties of the mixed transition metallic
oxide Zn,_,Mn,Fe,0, nanofibers by replacing Zn with Mn and
found that the replacement not only successfully brought down the
working voltage, but also improved the capacity. On the other hand,
transition metal oxides also suffer from poor electrical conductivity.
One of the strategies proposed to overcome these drawbacks is
the incorporation of metal nanoparticles, which can improve
the electrical conductivity of electrodes through the formation
of a conductive percolation network. For example, Nam et al.*°
introduced metallic nanoparticles (Ag or Au) into TiO, nanofibers
and showed that the embedded metallic NPs could promote
lithium-ion diffusion and charge transfer. In particular, their specific
capacity was improved by 20% or more and the rate performance
was improved 2-fold compared to bare TiO, nanofibers. Therefore,
achieving an improvement in the anode performance by means
of the electrospun nanofibers is feasible.

Vanadium pentoxide (V,Os) is one of the multi-electron battery
materials and has a high theoretical capacity. Since the reversible
multi-electron electrochemical lithium-ion intercalation in V,0s
was first reported in 1976 by Whittingham,"®*™7° intense interest
has been focused on applying V,0Os as a cathode material for
rechargeable LIBs. Unfortunately, until now, its practical applica-
tion in rechargeable LIBs has been seriously hindered by its poor
structural stability, low electronic conductivity, and sluggish
electrochemical kinetics.'”* To overcome these problems, the
use of electrospinning to prepare high-surface-area 1D V,05
nanostructures is feasible. For example, Mai et al.’® prepared
ultralong hierarchical vanadium oxide nanowires constructed
from attached vanadium oxide nanorods (Fig. 4). At a current
rate of 30 mA g~ ', its initial discharge capacities were up to 275
and 390 mA h g~' and the 50th discharge capacities were 187
and 201 mA h ¢~ ! in the voltage range 2.0-4.0 and 1.75-4.0 V,
respectively. Interestingly, compared with self-aggregated short
nanorods synthesized by hydrothermal methods, the unique
nanorod-in-nanowire structures exhibit a much higher capacity. This
study highlights once again the importance of the continuous 1D
framework of electrospun nanofibers to avoid the self-aggregation of
short nanorods, thus enhancing the effective contact areas of active
materials, conductive additives, and electrolytes. The use of single-
phase, polycrystalline and high aspect ratio V,05 nanofibers could
also improve the electrochemical performance, especially in terms of
the cycling stability.”" Furthermore, the incorporation of transition
metal cations like AI’** and Ag" into V,Oj layers could enhance
the structural stability during Li-intercalation/deintercalation
due to the formation of [MOg] octahedral units.'”>*7®
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Fig. 4 (a) Schematic illustration of formation of the ultralong hierarchical
vanadium oxide nanowires before and after annealing. (b) Side view of two
ultralong nanowires near each other and self-aggregation of short nano-
rods. (c, d) FESEM images of the ultralong hierarchical vanadium oxide
nanowires after annealing. (e, f) Cycle performance and Coulombic
efficiency of the ultralong nanowires.®®

Cheah et al.®” synthesized V,05 nanofibers with the inclusion of
various amounts of Al in the V,Os interlayer by a simple electro-
spinning technique. The moderate incorporation of AI** could
display a higher initial discharge capacity of ~350 mA h g~ * and
an improved capacity retention of ~85% after 20 cycles at 0.1 C.
The higher initial capacity is attributed to the increased space
between the VOs5 layers, which enables initial intercalation of a
larger amount of Li* ions. The improved capacity retention is
due to the structural stabilization from the retention of the
fibrous morphology during cycling. Interestingly, the inclusion
of AI’" in its crystal structure could also result in elevated
temperature performance.

Like the electrospun transition metal oxide nanofibers,
lithium transition metal oxide (such as Li,Ti5sO;,, LiCoO,) nano-
fibers have also been investigated as electrodes for LIBs. Among
these lithium transition metal oxides, Li,Ti;O,, has been con-
sidered as a promising anode material for LIBs because of a
higher lithium insertion-deinsertion potential of approximately
1.55 V (vs. Li/Li"), which can avoid the reduction of the electrolyte
on the surface of the electrode and the formation of a solid
electrolyte interface efficiently. Furthermore, spinel Li TisOq,
shows a very small volume variation during the charge-discharge
process, which can result in an excellent cycling stability. How-
ever, LiyTisO,, has an inherently low electronic conductivity,
which seriously limits its high rate capability.'”*™”° To overcome
the problem, the use of electrospinning to prepare large surface
area 1D Li, Ti50;, nanostructures could increase the electrolyte/
electrode contact area and provide a shorter path for lithium ion
and electron transport, thus resulting in an improved kinetic
performance and charge-discharge rate. Jo et al®® reported
tailored Li Ti50;, nanofibers with outstanding kinetics for LIBs
(Fig. 5). The electrospun Li, Ti;O,, nanofibers exhibited a higher
capacity compared to Li,;TisO;, nanopowders even at high rates
exceeding 10 C. This study further highlights the importance of
the continuous 1D framework of electrospun nanofibers. On
the one hand, the nanofiber structure shows a larger surface
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area compared to the nanoparticles, which can offer a larger
reaction area for Li*. On the other hand, the 1D structure
possesses a smaller diameter, which provides a shorter diffusion
length for Li* insertion, therefore enhancing the charge transfer
and electron conduction along the length direction.

LiCoO, has been used as a cathode material for commercial
rechargeable LIBs due to its high specific energy density
(theoretical capacity 140 mA h g~'). However, this electrode
material suffers from slow solid state diffusion of the Li"
cations.'®>'®' One of the most investigated strategies to over-
come this limitation is to prepare electrospun LiCoO, nano-
fibers because of their high specific surface area, short ionic
and electronic diffusion pathways and mechanical stability.
Interestingly, apart from the nanofibers, the powders derived
from electrospun nanofibers possess a higher initial discharge
capacity and better cycling stability than those synthesized from
regular sol-gel processes.'® It is self-evident that the electrospun
LiCoO, nanofibers must show a more superior electrochemical
performance. Gu et al®® have demonstrated that LiCoO, nano-
fibers showed a higher initial discharge capacity of 182 mA h g~*
compared with the conventional powder and film electrodes.
Although crystallographic and structural analyses reveal that the
LiCoO, nanofibers allowed more Li" insertion and faster solid-state
diffusion, greatly increasing the performance of batteries, they
still suffered from a large loss of capacity during the charge-
discharge process resulting from decomposition reactions, and
the phase transition and structural degradation. Similarly, Min
et al.®” demonstrated that Li; ,Nig 1,C0, 17Mn, 50, nanofibers could
provide fast lithium ion intercalation and de-intercalation proper-
ties, leading to a higher capacity and enhanced rate capability
compared to the co-precipitated particle. However, the capacity
retentions were very low due to the poor crystallinity. A promising
strategy to solve the problem is to coat these nanofibers with metal
oxides or carbon, which will be discussed in the following section.
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3.2. Electrospun designed 1D nanomaterials

For electrospun 1D nanomaterials, control of their morphology
and structure (such as porous, hollow, core-sheath or hier-
archical structure) is of growing interest for lithium storage due
to their unique surface properties, which could meet the demand
for even higher energy density and performance. Of the proposed
candidates, porous or hollow structured 1D nanomaterials have
received much attention because these pores can release the
volume swell to make the materials more stable and also shorten
the Li* path length to reduce the overpotential. It is worth
mentioning that porous or hollow structured 1D nanomaterials
can be easily synthesized by electrospinning and subsequent
calcination without involving the multi-step growth of designed
shell materials on various removable or sacrificial templates.
Herein, the electrospun polymer acted as the template during
the formation process of porous or hollow structures. When the
electrospun precursor composite nanofibers were calcinated in
air, the degradation and oxidation of the polymer and the
crystallization of metal oxides occurred simultaneously. The out-
ward diffusion of gaseous species produced by the oxidation of
the polymer generated a force to compress the metal oxide
nanoparticles in the surface region into a shell. Finally these
nanoparticles were mutually connected to generate the porous
nanotubes.’® By this process, various metal oxide nanotubes
could be synthesized and applied in LIBs. Among them, NiO*’
and Sn0,'*" have been intensively investigated. Benefiting from
their porous and hollow structure, the electrospun porous SnO,
nanotubes delivered a high initial discharge of 1546 mA h g *
and a discharge capacity of 807 mA h g~ " after 50 cycles at a
current density of 180 mA g~ ' from 0 to 2 V, which is substan-
tially higher than the values for previously reported SnO, nano-
structures, such as SnO, nanoparticles, nanotubes, nanowires and
hollow nanospheres."®*™"®” Also, transition metal oxide spinels
(AB,0,) with porous tube-like architectures could be prepared
by electrospinning. Typically, Luo et al'® synthesized porous
ZnCo,0, nanotubes made of interconnected ZnCo,0O, nano-
crystals. The unique structured materials exhibited superior
electrochemical lithium-storage performances, including a
high reversible capacity (1454 mA h g~* at 100 mA g™ ), good
cyclability (the specific capacity reaches 1454 mA h g™ ' after
30 discharge-charge cycles), and an excellent rate performance
(the capacity even reaches 794 mA h g™ ' at a current density as
high as 2000 mA g~ " after 30 discharge-charge cycles). Different
from the solid nanofibers, the formation of porous tube-like
architectures is attributed to the Kirkendall effect related to the
higher diffusion speed of the melting metal nitrates. Therefore,
the subsequent calcination has great effects on the control
of the morphology and structure. Wang et al.”’ have achieved
the controllability and fabricated porous V,05 nanotubes, hier-
archical V,05 nanofibers, and single-crystalline V,05 nanobelts
by only changing the calcination temperature (Fig. 6). The as-formed
V,05 nanostructures exhibited excellent electrochemical per-
formances. In particular, the porous V,05 nanotubes delivered
a high power density of 40.2 kW kg™, whilst the energy density
remained as high as 201 W h kg™".
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Fig. 6 (a) Preparation of porous V,Os nanotubes, hierarchical V,Os
nanofibers, and single-crystalline V,Os nanobelts. The corresponding
SEM images are shown in (b)—(d).”

Obviously, the electrospun porous nanotubes show fascinating
advantages for improving the electrochemical performance of
LIBs. On the one hand, the electrospun porous nanotubes inherit
the unique properties of the electrospun nanofibers. As mentioned
above, the 1D nanofibers exhibit superior electrochemical perfor-
mances for LIBs compared to their bulk counterparts with
micrometer sizes due to the nanoscale effect and the reduced
absolute volume change. Moreover, the longer tube-like architec-
ture made up of interconnected nanocrystals greatly limits the
mobility of nanocrystals and reduces the agglomeration of nano-
crystals during the cycling process. On the other hand, the unique
porous tube-like architecture extends the unique properties of the
electrospun 1D nanofibers. Obviously, such nanostructures could
provide a higher surface area, which could increase the number of
accessible sites on the surface of the electrochemically active
material and shorten the transport pathway for Li-ion diffusion.
Moreover, the central cavity and external pores of the nanotubes
not only provide a sufficient space to buffer against the local
volume change and mitigate the pulverization problem induced
by the volume change during the cycling process, thus leading
to an enhanced cyclability, but also promote liquid electrolyte
diffusion into the bulk of the electrode as well as providing fast
transport channels for the lithium ions, thus leading to an
excellent high-rate performance.'%"'*

Further development of electrospun designed 1D nano-
materials is warranted to meet the ever-expanding demand for LIBs.
A breakthrough in the electrospinning method was coaxial electro-
spinning or co-electrospinning, in which a spinneret consisting of
two coaxial capillaries is used, with a polymer solution in the shell
and either a polymer solution or a non-polymeric Newtonian liquid
or even a powder to fill the inner core. Co-electrospinning not only
easily produces hollow tubes by the selective removal of the core
material (via solvents or heat treatment), but also introduces a
novel class of core-sheath ceramic or metal structures through
the calcination and pyrolysis of metal-containing polymers.
In general, mineral oil is used as the inner core material.
After calcination, the removal of the oil from the core-sheath
fibers results in the formation of hollow fibers. For example,
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Han et al.'® have successfully prepared TiO, hollow nano-
fibers by annealing co-electrospun PVP-titanium isopropoxide/
mineral oil core-sheath nanofibers (Fig. 7). Interestingly, under
an NH; atmosphere, thermal treatment could result in the
formation of highly conducting TiN/TiO,N, layers on the surfaces
of the TiO, hollow nanofibers. As a result, the nitridated TiO,
hollow nanofibers exhibited high discharge capacities of about
156 mA h g™, good capacity retentions of 100% after 100 cycles
and a rate capability two times higher compared to that of pristine
TiO, nanofibers at 5 C. These advantages are mainly attributed to a
shorter lithium ion diffusion length and a high electronic conduc-
tivity along the surface of the nitridated hollow nanofibers. The
replacement of the mineral oil with a polymer solution could obtain
metal-containing polymer-polymer coaxial fibers. After calcination,
the removal of the polymer from the core-sheath fibers resulted in
the formation of metal oxide core-sheath fibers. For example,
Gu et al'® prepared LiCoO,-MgO coaxial fibers by co-
electrospinning. Compared to the bare LiCoO, fibers®® mentioned
above, the coaxial fibers deliver a lower capacity because the presence
of the electrochemically inactive MgO coating material can hinder the
diffusion of Li* cations into/from the LiCoO, cathode and lower the
electronic conductivity of the electrode material,"®® but the cycling
performance of the core-shell fibers is greatly increased. After
40 cycles, 90% of the initial discharge capacity of the core-sheath
fibers was retained, compared to 52% for the bare LiCoO, fibers. This
is ascribed to the stabilizing effects of MgO, which protects the
surface from passive film formation during cycling."®*'® Therefore,
the use of co-electrospun core-sheath coaxial fibers with suitable and
optimized substances is a promising strategy to improve the stability
and cycling performance.

Surface modification of electrospun 1D nanomaterials is of
great significance to improve the electrochemical performance,
because such electrode materials may not only promote faster
Li" diffusion or electron transport but also suppress the particle
agglomeration and/or excessive growth. Inspired by this, con-
siderable attempts have been made to build up an integrated
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Fig. 8 SEM images of (a) Co304-TiO,, (b) Fe,03-TiO,, (c) Fezs04-TiO,,
and (d) CuO-TiO; hierarchical heterostructures.*

smart architecture by combining the electrospinning technique
with other synthesis methods, in which the structural features and
electroactivities of each component are fully manifested, the inter-
face/chemical distributions are homogeneous at the nanoscale and
a fast ion and electron transfer is guaranteed. For example, Luo
et al™® developed a route to synthesize MoO,-modified TiO,
nanofibers, comprising a TiO, nanofiber core and a thin MoO,
nanolayer by combining electrospinning and layer-by-layer (LBL)
self-assembly processes. They achieved controllability of the thick-
ness of the MoO, nanolayer by altering the precursor concentration
or the LBL cycles, which could affect the electrochemical properties
of the MoO,-modified TiO, nanofibers. Compared to the TiO,
nanofibers, such electrode materials exhibit a high discharge
capacity of 514.5 mA h g™ " at 0.2 C over 50 cycles and an excellent
rate capability. In addition to combining LBL self-assembly pro-
cesses, Wang et al. """ combined electrospinning and hydrothermal
growth methods to synthesize metal oxide-TiO, hierarchical nano-
fibers. Interestingly, this synthesis strategy can be readily extended
to the growth of various metal oxides (e.g: C030,, Fe,03, Fe;0, and
CuO) as secondary nanostructures on the primary TiO, nanofibers
by only altering the precursor parameter (Fig. 8). Compared to the
bare TiO, nanofibers, the hierarchical nanofibers not only deliver a
high reversible capacity of 632.5 mA h g~' and 95.3% capacity
retention over 480 cycles, but also show an excellent rate capability.
The enhanced electrochemical performance is attributed to the
synergetic effect of the two components as well as the unique
features of hierarchical heterostructures. Recently, more and more
researchers have applied the synergetic effect to design and prepare
composite electrode materials, especially electrospun composite
materials. They found that enhanced physical and/or chemical
properties can be obtained from appropriate surface modifications
and the synergetic effect of different building blocks.

3.3. Electrospun 1D composites with CNFs

CNFs prepared via electrospinning and following stabilization
and carbonization have attracted growing attention in recent
years due to their superior mechanical properties and electrical
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Fig. 9 (a) Schematic diagram illustrating the fabrication procedure and Li*
insertion and extraction processes inside the ACNF/HGCN electrode. (b) Cycling
performance of the ACNF/HGCN and ACNF electrodes at different current
rates? (c) Proposed synthesis scheme for ACNHGCNS. (d) Cycling perfor-
mance of the ACNHGCN electrode at different current densities. ™

conductivity as well as their unique 1D nanostructures. Although
any material with a carbon back-bone can be used as a carbon
precursor, the polymer nanofibers which can be converted to
CNFs are rather limited (only PAN, PI, PVA, PVDF and pitch).
Among these polymers, PAN has received major attention due
to its high carbon yield and superior mechanical and electro-
chemical properties. In particular, CNFs themselves, derived
from PAN, can exhibit a high capacity due to their particular
microtexture. However, further development for CNFs is neces-
sary to meet the ever-expanding demand for LIBs. In order to
obtain CNFs with porous nanostructures, a second component
is introduced into the electrospun precursor."'? After subsequent
calcination, acid treatment was used to selectively remove the
second component. Using this strategy, the in situ formation of
hollow graphitic carbon nanospheres in amorphous CNFs
(ACNF/HGCN) was reported (Fig. 9a and b). These hollow struc-
tures not only provide extra sites for Li* storage and sufficient
contact between the active material and electrolyte, but also
facilitate lithium ion diffusion from different orientations. More-
over, they could serve as buffers for relieving the large volume
expansion and shrinkage during cycling. As a result, such elec-
trodes display a high reversible capacity of ~750 mA h g, an
outstanding rate capability (~300 mA h g~ " at a rate of 8.2 C) and
a good cycling stability (a reversible capacity retention of ~100%
at 2.2 C after 300 cycles). In addition, coaxial electrospinning is
used to prepare carbon materials derived from PAN. Based on
this technique, Chen et al.'"® prepared amorphous carbon
nanotubes decorated with hollow graphitic carbon nano-
spheres (ACNHGCNS) (Fig. 9c and d). Apart from the unique
structures mentioned above,''*> the tube-like architecture
further endows this material with a higher reversible specific
capacity of ~969 mA h g~', a more outstanding rate capability
(~330 mA h g7 " at a rate of 3.7 A g~ ') and a better cycling
stability (a capacity retention of ~100% even at 3.7 A g~ " after
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Fig. 10 (a) Proposed synthetic scheme for the SPMCTs. (b) High-
magnification cross-sectional image of carbonized PMMA-PAN-tin octoate
nanofibers. (c) TEM micrograph of the SPMCTs. (d) Cyclability of the SPMCTs
and commercial Sn nanopowder at 0.5 C; the inset displays the discharge
capacities of the SPMCTs at 2 and 10 C.* (e) Preparation of the SBCNFs.
(f) BF zero-loss filtered elastic TEM micrograph of the SBCNFs. (g) Elemental
mapping of the nanofibers showing the chemical distribution of carbon
(blue) and tin (yellow). (h) Cyclability of the SBCNFs and commercial Sn
nanopowder at 0.5 C.1*°

650 cycles). Obviously, these results show that the hollow
graphitic carbon nanospheres as well as the nanopores in the
walls of the nanotubes provide more sites for the storage of
lithium ions, yielding a much increased specific capacity.
Various metal or oxide nanoparticles have been loaded into
CNFs via an electrospinning process. For instance, CNFs have
been doped with Sn and SnO, NPs. It is well known that Sn and
SnO, have high theoretical capacities, but they suffer from large
volume changes and nanoparticle aggregation during cycling.
In order to overcome these drawbacks, dispersing nanometric
particles into CNFs is feasible because CNFs could act as struc-
tural buffers, particle stabilisers, conductive agents and electro-
active materials. Yu et al.'***® have achieved the encapsulation of
Sn nanoparticles into porous multichannel carbon microtubes
(SPMCTs) (Fig. 10a—c) and bamboo-like hollow CNFs (SBCNFs)
(Fig. 10e-g) using a single-nozzle and a coaxial electrospinning
technique, respectively. Such porous or hollow carbon shells not
only provide appropriate void volume to respond to the large
volume change, thus maintaining the stability of the structural
arrangements, but also prevent pulverization of the Sn nano-
particles and avoid oxidation of Sn. Moreover, they can also serve
as an electron supplier and allow more Li" access. As a result,
both of them showed good cycling stabilities and excellent rate
capabilities (Fig. 10d and h). Specifically, the latter displays a
better cycling stability with a reversible capacity of 737 mA h g™*
after 200 cycles at 495 mA g~ " and a more excellent rate capability
(a reversible discharge capacity as high as 460 mA h g™ " at 5 C after
100 cycles) (Fig. 10h). In another research article, SnO,~-CNF
composites have been synthesized by electrospinning and subse-
quent thermal treatment.'”” The SnO,-CNF composites showed
a greater discharge capacity than pure carbon nanofibers and
displayed a higher initial coulombic efficiency than SnO,
nanowire. In addition, the achievement of a homogeneous

Energy Environ. Sci., 2015, 8, 1660-1681 | 1669


https://doi.org/10.1039/c4ee03912b

Published on 09 March 2015. Downloaded by Changchun Institute of Applied Chemistry, CAS on 1/2/2020 1:23:52 PM.

Energy & Environmental Science

distribution of SnO, confined in the CNFs is very desirable for
lithium storage,''® as it can suppress the pulverization and
aggregation of the particles and prevent the decomposition of
the electrolyte. The strong interaction of the Sn-N bonding
between SnO, and the N-containing CNF matrix could effectively
confine the uniformly embedded SnO,. However, the effect of
homogeneous distribution is also limited, because the CNF matrix
can only stabilize some Sn from the carbothermal reduction of
SnO, nanoparticles and the excess Sn melts out of the carbon
nanofibers to agglomerate into large crystalline Sn particles, which
results in a lower electrochemical performance. To overcome this
drawback, light Ni addition can be introduced to locate in the
lattice sites of SnO, in the form of NiO and prevent SnO, from
being reduced to Sn and forming large agglomerates.*

CNFs have also been loaded with various transition metal
oxide nanoparticles such as TiO,,"**'*' C0;04,'** MnO,'>****
and Fe,0,.">>'>° One example is provided by the preparation of
TiO,-CNFs by thermal pyrolysis and oxidization of electrospun
titanium(wv) isopropoxide-PAN nanofibers. The composite
nanofibers demonstrated an excellent electrochemical perfor-
mance due to the unique features of encapsulating TiO,
nanocrystals into a porous carbon matrix.'*® Also, a coaxial
electrospinning technique combined with subsequent calcina-
tion treatment could be used to develop porous TiO,~CNFs.***
The presence of plentiful surface pores enables lithium ions to
transport from the outer space into the inner space as storage
regions, thus delivering a high specific reversible capacity. In
addition, the porous structure and the high conductivity reduce
the diffusion paths for Li* and facilitate Li" access and fast
transportation, thus exhibiting a good cycling stability and rate
capability. Ongoing research activities have demonstrated that
the incorporation of TiO, into the CNF matrix could improve the
ionic and electronic transport properties of TiO, and influence
the battery performance. Similarly, electrospun composite nano-
fibers that interconnect TiO, with a conducting additive nano-
phase (such as carbon nanotubes'®" or graphene'®*) could also
improve its Li ion insertion properties. Besides these TiO,~CNF
composite materials, other metal oxide nanoparticles have also
been incorporated into the CNF matrix. For example, Zhang
et al.*®* prepared porous Co;0,-CNFs, which show an improved
electrochemical performance compared to pure Co;O, nano-
particles. Similarly, carbon-coated MoO, nanofibers have also
been fabricated.'”® The as-obtained composites reveal a sub-
stantial improvement in the electrochemical lithium-storage
performance compared to the carbon-free MoO, particulates.
Studies on metal oxide-CNFs also concern the growth of
the secondary nanostructures on the surfaces of the CNFs.
Indeed, the direct electrospinning technique limits the loading
amount of active materials, which may lower the overall capacity.
However, the growth of the secondary nanostructures on the
surfaces of the CNFs could increase the loading of the active
materials. Recently, electrospun PAN nanofibers have been used
as a robust support for the growth of y-Fe,O; nanoparticles
during the hydrothermal process."” Such design not only
increases the loading of y-Fe,O; up to more than 60%, but also
limits the aggregation of nanoparticles in the following
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carbonization step, which leads to a high reversible capacity of
above 830 mA h g~ ! after 40 cycles.

Many examples have also applied the electrospinning technique
to incorporate Si nanoparticles with a higher theoretical capacity
(4200 mA h g™ ") into the CNF matrix in order to improve its poor
cycling performance resulting from large volume changes by up
to 400% and nanoparticle aggregation upon the alloying and
dealloying reaction with Li" ions. Si-loaded CNFs could be
prepared by electrospinning PAN-Si nanoparticles.’*”**® Also,
the effects of various surrounding confinements of Si nano-
particles have been investigated."”” Hard confinements resulted
in suppressing the volume expansion of Si NPs during the charge-
discharge cycles. The electrical conduction of the surrounding
material significantly improved the reversible capacity and cycling
stability. For example, Zhou et al.'*® confined Si nanoparticles in
porous CNFs (Si@PCNF) utilizing electrospinning, calcination
and subsequent etching (Fig. 11a-c). In their work, the presence
of the SiO, coatings not only favours the homogeneous dispersion
of Si@SiO, nanoparticles in the precursor solution, but also acts
as a solid source for hydrogen fluoride etching, thus producing
void space between the Si nanoparticles and carbon shell. As a
consequence, this material exhibits an improved cycling perfor-
mance (~1104 mA g h™" at 0.5 A g~ " after 100 cycles) as well as
excellent rate capabilities (~485 mA g h™" at 10 A g ). In
addition, coaxial electrospinning has also been used to fabricate
Si-CNF core-shell fibers with void space in the core section where
Si NPs are loaded, which was achieved by choosing Si-PMMA as
the core and PAN as the shell."** After carbonization, PAN can still
remain stable in the shell. By contrast, PMMA could be evaporated
at relatively low temperatures, which results in the formation of
void space in the core of the fibers. This unique structure indeed
shows a high capacity of 1384 mA h ¢~ ' at a rate of C/10 and an
outstanding cycle life of 300 cycles with 99% capacity retention.
In particular, it is noteworthy that such electrode materials can
retain 52.2% of the original capacity even when the current
increases 80 times (from C/10 to 12 C). Obviously, it is critical
for decent cell operation that void space is formed in the core
section where the Si NPs are loaded because the void space can
accommodate the volume expansion of Si. Another promising
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strategy to improve the performance of Si is adding other
components (such as graphitized carbon'** or Ti0,"**) into
the electrospun Si-CNF composite.

Lithium metal oxides could also be loaded into CNFs via
electrospinning. For example, Li;Ti;O;,-loaded CNFs could be
prepared by electrospinning either PAN-tetrabutyltitanate—
lithium acetate'* or PAN-Li Ti;O;, nanoparticles.'* During
the calcination process, the pyrolysis of PAN and the congluti-
nated Li TisO;,—~CNFs could result in the formation of nano-
pores, mesopores, three-dimensional nanoweb architectures, and
a large surface-to-volume ratio, which greatly improve the lithium
storage properties due to enlarging the electrode-electrolyte
contact area and shortening the lithium ion diffusion pathways
during the charge-discharge processes.'** Moreover, the incor-
poration of Li,TisO;, into CNFs could effectively avoid the
formation of large aggregates of Li TisO;, nanoparticles, thus
improving the reversible capacities."*> In addition, electrospun
LiFePO,-loaded carbon materials have also been obtained.*®'3”
In particular, highly electroactive carbon-coated single-crystalline
LiFePO, nanowires (SCNW-LFP) have been produced by electro-
spinning (Fig. 11d-f)."*” It is noteworthy that electrospun poly-
crystalline nanomaterials can be easily prepared, but electrospun
single-crystalline nanomaterials are quite rare. With the help of
the single-crystalline LiFePO, nanowires and the protective
carbon coating, the electrode materials not only delivered a
higher capacity and a better rate performance than the commer-
cial carbon-coated LiFePO, particles, but also exhibited a good
cycling performance at different temperatures. Obviously, the
single-crystalline nanomaterials play a very important role in
improving the battery performance. Certainly, the affect of
protective carbon can not be ignored. For example, the incor-
poration of some other electroactive carbon materials, such as
graphene,'®® carbon nanotubes,"®* etc., can also improve the
electrochemical performance.

3.4. Electrospun flexible electrodes with CNFs

Traditionally, the electrodes in LIBs are prepared using a slurry-
casting method by mixing active materials with polymer binders
(such as PVDF) and conductive agents (such as carbon black),
and then casting the mixtures on Cu (negative electrode) and Al
(positive electrode). However, the presence of binders, which are
insulating and electrochemically inactive, not only reduces the
overall volumetric/gravimetric energy density by adding weight
to the electrodes, but also influences the cycling stability due to
the side effects between the electrolyte and these inactive
materials. In addition, the heavy weight of the metal current
collectors also has a detrimental effect on the gravimetric
capacity of the whole battery system. Thus, the preparation of
flexible, binder-free (no need for polymer binders) and free-
standing (no need for metal substrates as current collectors)
electrodes simplifies the electrode preparation process, greatly
reduces the inactive weight and cost of the cells, and signifi-
cantly improves the electrochemical performance of LIBs.'9>'%

Electrospinning is the most attractive method for fabricating
CNF-based composite flexible electrodes, which can be directly
used as electrode materials without any conductive agent, binder
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or current collectors, because the electrospun CNFs can form
highly porous free-standing flexible mats, thus largely simplify-
ing the fabrication process. Therefore, the search for electrospun
flexible electrode materials with improved LIB performances is
growing vigorously. Earlier work focused on attaching various
electrospun flexible materials onto metal substrates (copper foil
or nickel meshes) to be used as the working electrode without
adding any binder or conductive agents. Typically, Zhang and
coworkers have reported a series of papers about different
electrospun flexible electrode materials with CNFs. In their work,
the electrospun porous flexible CNFs could be fabricated simply
by either annealing the electrospun bicomponent polymer**'%°
or etching the carbon-inorganic composite nanofibers.
Also, transition metal-loaded CNFs have been fabricated due to
their good electrical conductivities."**'** Metal oxides,"**"*®
Si'*95! and LiFePO,'*>'*® have also been loaded into free-
standing and flexible CNF films. In addition, Wu et al"™*
engineered an empty space between Si nanoparticles by encap-
sulating them in hollow carbon tube mats and then laminating
this freestanding film on copper foil to be directly used as the
working electrode. As mentioned above, the thin carbon layers
enhanced the electrical conductivity of the electrode. Introdu-
cing ample empty space inside the hollow tubes could circum-
vent the huge volume changes and aggregation of silicon during
electrochemical cycling, thereby resulting in further improved
performances. Also, this design effectively prevented unstable
solid-electrolyte interphase (SEI) formation.">* Better still, each
carbon tube was directly connected to the current collector and
acted as a fast and stable electron transfer channel, enabling a
stable cycling of the entire electrode as well as high charge and
discharge rates. As a result, the electrode demonstrated a high
gravimetric capacity of ~1000 mA h g ' at1 A g ' and a long
cycle life of 200 cycles with 90% capacity retention. In addition
to attaching electrospun flexible materials onto copper foil,
they could be also attached onto nickel meshes to be directly
used as the working electrode without adding any binder or
conductive agents."'>>™**’

Electrospun flexible electrode materials could be directly
used as the working electrode without current collectors or any
additives, which will further simplify the cell packing process,
resulting in further improvements in both the energy density
and power density for LIBs. For example, Wang et al.'*® fabri-
cated lignin-derived fused electrospun carbon fibrous mats and
directly used them as the working electrode (Fig. 12). Interest-
ingly, they found that the N-doped carbon fibrous mats could
be prepared via electrospinning followed by carbonization and
thermal annealing with urea, and demonstrated that the per-
formance of the obtained electrode materials could be further
improved by incorporating heteroatoms. As a result, the charge
capacity of the free-standing electrode was further improved to
as high as 576 mA h ¢~ " and it still maintained a good capacity
of ~200 mA h g~ ' even at a high current rate of 2000 mA g~ *.

Also, metals,****°° metal oxides*®* ™% or metal sulfides'®® can
be encapsulated in flexible electrospun CNFs as free-standing
working electrodes. In particular, Ge nanoparticles have been
introduced into flexible electrospun CNFs. Compared to the Si
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Fig. 13 (a) Photographs of the free-standing and flexible Ge@CNF electrodes.
(b) Schematic illustration of the alloying/de-alloying reaction mechanism of
Ge@CNFs during cycling. (c) Capacity—cycle number curves of the Ge—CNF
and commercial Ge powder electrodes at 0.15 C. (d) Discharge capacity of the
Ge-CNF electrode as a function of discharge rate.*°

anode, although Ge shows a lower theoretical capacity
(1624 mA h g™ '), it possesses an excellent lithium-ion diffusion
coefficient (400 times higher than Si). Therefore, Ge anodes for
LIBs have also received much attention. However, the practical
application of Ge anodes is also subjected to the poor cyclability
resulting from the drastic volume changes and nanoparticle
aggregates during cycling. To minimize the volume strain and
enhance the cycling stability, encapsulation of Ge nanoparticles
into electrospun flexible carbon nanofibers (Ge@CNFs) has been
reported to be promising (Fig. 13)."*° Further, this type of compo-
site could be used as a free-standing anode, which exhibited an
excellent electrochemical performance with a reversible specific
capacity of 1420 mA h g ' after 100 cycles at 0.15 C (only
0.1% decay per cycle). Even at a high current of 1 C, the free-
standing electrode still delivered a reversible specific capacity
of 829 mA h g~ * after 250 cycles. Obviously, the free-standing
electrode as well as the synergistic effects of Ge nanoparticles,
CNFs, and the interconnected CNF network could effectively
accommodate the huge volume change and aggregates of Ge
nanoparticles. In addition, Zhang et al.*®® synthesized electro-
spun CNFs containing ultrafine SnO, particles (SnO,~CNF) and
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Fig. 14 (a) lllustration of the SnO,—CNF fabrication process. (b)—(d) Ele-
mental mapping of carbon, tin, and oxygen, respectively. (e) Charge—
discharge curves of the SnO,—CNF composites obtained at the 1st, 20th,
100th cycles at 0.5 A g~1.13 (f) Photograph and (g) SEM images of the free-
standing and flexible MoS,/C nanofibrous mats. (h) Cycling performance of
the MoS,/C nanofibrous mats at 50 mA g~116¢

used them as a free-standing working electrode, which delivered a
remarkable capacity of 674 mA h g~ " after 100 cycles at 0.5 A g™~
(Fig. 14a-e). The good electrochemical performance is attributed
to the uniform embedding of the ultrafine and amorphous
SnO, particles on the atomic scale in the conductive CNFs,
which makes the electrochemical reaction highly reversible.
Most recently, Zhao et al.'®® encapsulated disordered thin MoS,
nanoflakes in amorphous CNFs to fabricate highly flexible
MoS,/C nanofibrous mats (Fig. 14f, g). This free-standing work-
ing electrode showed a high capacity of ~1200mAh g ', and a
long cycling performance of 1150 mA h g~ after 100 cycles.
Apart from the advantages of good electron transport provided
by the high aspect ratio of the electrospun CNFs and the
effective confinement of the active material by the carbon
matrix, the choice of MoS, with a higher capacity and layered
structure is also important. On the one hand, the dispersion
of thin and flexible MoS, nanosheets in the CNFs gives the
composite excellent flexibility. On the other hand, the fine
thickness and multilayered structure of the MoS, sheets
with an expanded interlayer spacing exhibits a higher Li" ion
capacity. In addition, the incorporation of LiFe;_,Mn, PO, into
the flexible electrospun CNFs as a self-supporting cathode has
also showed an improved performance, especially in terms of
the cycling stability and rate performance."®”

4. Electrospun nanomaterials in
sodium-ion batteries

Sodium-ion batteries (SIBs) are attracting considerable renewed
interest as promising candidates for new battery systems,
especially for large-scale and long-term electric energy storage
applications, due to their cost advantages (6th most abundant
element in the Earth’s crust). Because of the relatively heavier
weight, the larger radius (0.102 nm) and the lower-reducing
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potential of Na, the gravimetric and volumetric densities of a
SIB do not exceed those of its Li analogue."®”>°® Given the field of
large-scale electric energy storage, energy density is not a critical
issue. Thus, developing room-temperature “rocking-chair” SIBs
with a similar working principle as LIBs for large-scale electric
energy storage is still a reasonable alternative.”*>'* However,
compared to years of research about electrospun lithium insertion
materials, there has been relatively limited research about electro-
spun materials for SIBs.*'*** So far, research has mainly focused
on the electrode materials based on electrospun 1D composites
with CNFs. Similarly, along with the avenues of research about
electrospun flexible electrodes for LIBs, electrospun flexible electro-
des for SIBs are a rapidly growing and enormously promising field.
As a timely overview, recent studies on electrospun SIB electrode
materials are highlighted in this section.

4.1. Electrospun 1D composites with CNFs

It has been well established that graphite, which is the dominant
anode material in today’s commercial LIBs, has a very low sodium
intercalation capacity of 32-35 mA h g~ * because sodium hardly
forms staged intercalation compounds with graphite.?****®
Therefore, non-graphitic carbon materials are now considered
the most suitable and dominant candidate materials. So far,
various carbonaceous materials, such as coke,??***” carbon
black,**® pyrolytic carbon,>* carbon fiber,>** template carbon,**'
hollow carbon nanowires,>*> hollow carbon nanospheres,*® and
nitrogen-doped porous carbon nanosheets®" have been studied
because of their large interlayer distance and disordered struc-
ture. Generally, good Na-ion insertion properties need a short
diffusion distance, a disordered structure and a large interlayer
distance between the graphitic sheets. As mentioned above,
electrospun CNFs possess these characteristics, which appear
to be the most suitable anode materials for SIBs. Very recently,
Chen et al.>" fabricated electrospun CNFs and for the first time
used them as anode materials for SIBs. Due to their weakly
ordered turbostratic structure and a large interlayer spacing
between the graphene sheets, the electrospun CNFs showed a
good electrochemical performance, including high reversible
capacities of 233 and 82 mAh g ' at005A¢g 'and 2 A g,
respectively, and a good cycling stability of 97.7% capacity
retention ratio over 200 cycles.

As for the development progress of LIBs, the capacity
of anode materials for SIBs still needs to be improved to meet
the rigorous requirements for practical applications. Recently,
various metals and their alloys, such as Sn,*!*232:233 gp 234,235
Ge,?*® and SnSb alloys,**”2*® have attracted considerable inter-
est due to their appropriate sodium inserting potential and
high theoretical specific capacities. However, severe structural
degradation resulting from large volume expansion and contrac-
tion during electrochemical cycling also severely hinders their
application in SIBs. To solve this problem, researchers have
attempted to develop composites of nanostructured particles
supported by carbon matrices. Interestingly, it is easy and effective
to achieve such structures for electrospinning as mentioned
above, which will promote electrospinning to be used extensively
to prepare the electrode materials for SIBs, thus making good
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Fig. 15 (a) Schematic illustration of the preparation process for the Sb—C
nanofibers. (b) TEM image of the Sb—C nanofibers. (c) Rate capability of the
Sb-C electrode at various current rates. (d) Cycling performance of the
Sb-C electrode at C/3.2%6

progress on SIB development. For example, Wu et al>'®

embedded Sb nanoparticles in CNFs to form Sb-C composite
nanofibers through electrospinning and subsequent calcina-
tion (Fig. 15). They confirmed that the Sb nanoparticles were
embedded homogeneously in the uniform CNF matrix, which
not only prevents the aggregation of the Sb nanoparticles, but
also provides a conductive and buffering matrix for the effective
release of mechanical stress resulting from Na-ion intercalation
and deintercalation. As a result, cycled between 0.01 V and
2.0 V, the Sb-C nanofibers delivered a high reversible capacity
of 631 mA h g~ " at C/15 (40 mA g~ '), a good cycling stability of
90% capacity retention after 400 cycles and an improved rate
capability of 337 mA h g " at 5 C. In addition, porous SnSb-C
composite nanofibers prepared by encapsulating the highly
dispersed and small SnSb nanoparticles into porous CNFs also
showed an enhanced electrochemical performance.*'” It is obvious
that achieving a homogeneous dispersion of doped materials in
the CNF matrix gives the composite electrode materials an
improved electrochemical performance. Although constructing
electrospun 1D composites is beneficial to improving the SIB
performance, we must not neglect the fact that the fluoroethylene
carbonate (FEC) additive plays a critical role in manipulating the
solid electrolyte interphase (SEI) formation. It is well known that
the SEI formation resulting from side reactions between the
electrolyte and the electrode and the decomposition of the electro-
Iyte can significantly influence the LIB performance. Considering
the high chemical reactivity of Na, the electrolyte decomposition
and the SEI formation must be more serious and critical for SIBs.
Therefore, it is necessary to add the FEC additive because
its presence could modify the passivation layer of the electrode
surface, suppress the side reactions of the electrolyte and mini-
mize the decomposition of the electrolyte.**>** As a result, a thin,
chemically/mechanically stable and structurally compact SEI
film is formed, which could significantly improve the cycling
stability and rate capability.
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Fig. 16 (a) TEM-BF micrograph. (b)-(d) HRTEM images of the ultrathin
MoS, embedded in the carbon nanofiber. (e) Schematic representation
based on TEM modeling studies to demonstrate the unique morphology of
such a composite: single layered ultrasmall MoS, nameplates embedded in
a thin carbon nanofiber. Cycling performances of LIBs (f) and SIBs (g).?®

Also, a variety of metal sulfides, such as Sb,S;,>** Mo0S,,**?
NiS,>*¢ and SnS,,>*” have attracted considerable interest for
SIBs. MoS, is the most attractive layered materials as it exhibits
high theoretical specific capacities. However, MoS,-based elec-
trode materials also suffer from rapid capacity fading and low
conductivities. In this respect, combining carbon with the
poorly conductive metal sulfides was confirmed to be an
effective way to enhance electron and mass transport. Very
recently, Zhu et al.>'® embedded MoS, nanoplates in CNFs by
electrospinning (Fig. 16). Interestingly, these nanofibers were
very thin, with a diameter of only ~50 nm. Moreover, the
embedded MoS, nanoplates were extremely thin and small, with
a thickness of only 0.4 nm and a lateral dimension of 4 nm.
These unique nanostructures as well as the single-layered nature
by spatial isolation and the lateral confinement in the carbon
matrix not only minimize transport problems in the sulfide in all
directions, but also render the conversion reversible. As a result,
this electrode material exhibited a high capacity and remarkable
cycling performance for both lithium storage (the capacity is
661 mA h g~ ' even after 1000 cycles at a high current density
of 10 A g') and sodium storage (the capacity is 484 and
253 mA h g~ " after 100 cycles at 1 and 10 A g, respectively).
The lower capacity for sodium storage compared to lithium
storage results from the difference in the thermodynamics and
kinetics for insertion of Li* and Na* ions. Even so, the excellent
cycling stability for sodium storage without adding the FEC
additive highlights the importance of the unique structure of
the composite for SIBs.

In addition to the electrospun metals, their alloys or metal
sulfide materials, lithium-sodium metal oxides could also be
incorporated into electrospun carbon materials. In the same
group, tiny LisTi50;,>"° and NazV,(P0,);>*° nanoparticles were
embedded in electrospun CNFs. In particular, NASICON-type
Na;V,(PO,4); has recently been investigated as a promising
cathode material for SIBs. However, considering the poor
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Fig. 17 TEM (a) and HRTEM (b) images of the NazV,(PO4)s/C nanofiber,
the inset shows the SAED pattern of a single nanofiber, which indicates
that these NazV,(PO,4)s composite fibers are polycrystalline and well-
crystallized. (c) The first voltage—capacity curves at a rate of 0.1 C, and
the inset shows the cycling stability of the NaszV,(PO4)s/C nanofiber at
0.1 C. (d) Cycling performance of the NasV,(PO,4)s/C cathode at different
current densities.?2°

electronic conductivity of phosphates, uniformly dispersing
NazV,(PO,4); with the reducing particle sizes into the electro-
spun electrically conductive carbon matrix is still a major
strategy to improve the electronic conductivity (Fig. 17). More-
over, such structures also minimize the stain problems and
improve the transport path. As a result, at a rate of 0.1 C, the
NazV,(PO,4)3/C cathode showed a high initial charge and dis-
charge capacity of 103 and 101 mA h g ', respectively, and
retained stable discharge capacities at high current densities.

4.2. Electrospun flexible electrodes with CNFs

As mentioned above, the preparation of flexible, binder-free (no
need for polymer binders) and free-standing (no need for metal
substrates as current collectors) electrodes not only simplifies
the electrode preparation process and reduces the inactive
weight and cost of the cells, but also significantly improves
the electrochemical performance of LIBs. In view of these
advantages, applying electrospun flexible free-standing elec-
trodes in SIBs will attract more and more attention. It is
especially necessary to further improve both the volumetric
energy and power density for SIBs. Fortunately, the intensive
development of LIBs has paved the way for further improve-
ments in SIBs, and some attempts have been made to verify its
feasibility. For example, Li et al.>** prepared a lightweight and
flexible free-standing porous CNF (P-CNF) electrode by pyrolysis
of PAN/Pluronic F127 nanofibers (Fig. 18). In their work, tri-
block copolymer Pluronic F127 was chosen as a soft template to
create CNFs with plenty of micropores, which are beneficial for
sodium ion storage. In addition, hierarchical porous channels
resulting from the interpenetrating P-CNF films effectively shortened
the transport length for both sodium ions and electrons. As a
result, the obtained P-CNFs deliver a good reversible capacity of
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Fig. 18 (a) and (b) Photographs of the free-standing and flexible P-CNF
electrode. (c) HRTEM image of the P-CNF. (d) Schematic illustration of
the sodium storage mechanism in P-CNFs. (e) Cycling performance of
the P-CNF electrode at 50 mA g~1222

266 mA h g~ " after 100 cycles at 50 mA g~ ' and an enhanced
rate capability of ~60 mA h g~ at a high rate of 500 mA g~ .
Therefore, developing flexible electrodes for SIBs is feasible and
necessary to improve the electrode performance.

As well as the electrospun flexible CNF electrode discussed
above, flexible electrodes made from CNFs embedded with
metals have also been prepared with improved electrochemical
performances. For example, Zhu et al.>*® prepared a binder-free
and current collector-free flexible Sb/C electrode by electrospinn-
ing and subsequent calcination (Fig. 19). In their work, tiny Sb
nanoparticles with a diameter of ~30 nm were uniformly
encapsulated into interconnecting CNFs (denoted as SONP@C).
This unique nanostructure integrates two virtues: (1) Sb nano-
particles were well dispersed and confined into the conductive
CNF matrix, which can effectively tolerate the massive volume
changes, prevent pulverization, and preserve electrode integrity
during the Na alloying/dealloying reaction; (2) the CNFs them-
selves serve as a current collector, which avoids a loss of contact
between the active materials and current collector/conductive
additives resulting from the huge volume change for the regular
electrode with a metal current collector, binder, and conductive
additives. As a consequence, the SONP@C electrode showed a

NERERERIE]
N oumons oawornd

“ssss58553883

Soochc Copcey AV ppsa) E2

§
H
&
H
g
3

Fig. 19 (a) and (b) Schematic illustration of the synthesis process for the
SbNP@C electrode. (c) TEM image of the carbon-encapsulated Sb fibers.
(d) Cycling performance of the SONP@C electrode at 0.1 A g~*. (e) Digital
image of the SONP@C electrode after 300 charge discharge cycles. (f) TEM
image of the after-cycled fibers in the SONP@C electrode.??®
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high initial capacity of 422 mA h g~" and retained 350 mA h g~*
after 300 cycles at 100 mA g~ .

Obviously, compared to the great surge in developing electro-
spun materials for LIBs, there has been relatively limited research
about electrospun materials for SIBs. Therefore, future efforts
should focus on the preparation of electrospun materials for SIBs,
especially binder-free and current collector-free flexible electrodes.
In spite of this, the rapid development of this field is very
encouraging and electrospun flexible electrodes with high perfor-
mance provide promising alternatives to build flexible SIBs.

5. Summary and perspective

In this review, we have summarized almost all the progress in
electrospun electrode materials for LIBs, covering the structure
evolution from solid nanofibers into designed 1D nanomaterials,
then 1D composites with CNFs, and finally into flexible electrode
materials with CNFs. The breakthrough of synthetic methodol-
ogies is likely to provide opportunities to meet some of the
challenges associated with the critical physico-chemical and
electrochemical parameters of LIBs because the structural control
of nanomaterials can be as important as the composition of the
materials themselves. In addition, recent studies on electrospun
SIB electrode materials have been timely presented. Along with
the avenues of research about electrospun electrode materials for
LIBs, more attention has been paid to electrospun SIB electrode
materials. By constructing controllable 1D nanostructures, one
can take full advantage of the electrospun materials, such as
shorter diffusion pathways, faster Li intercalation kinetics,
good mechanical strengths, high surface areas and porosities,
mitigated charge transfer resistance and enhance ionic con-
ductivities. Thus, the outstanding electrochemical performance
of electrospun electrode materials will stimulate their wide use
in commercial LIBs or SIBs, and even in flexible, lightweight,
stretchable, foldable battery devices. Despite the considerable
achievements made so far, there exists substantial room for the
development of high performance battery materials and the
increasing interest in electrospun materials will provide great
opportunities for advanced battery systems in the years ahead.

1. Design with more controllability. In view of the above-
mentioned discussion, the structural and morphological con-
trol of nanomaterials is of great importance. Although a large
number of controllable 1D electrode materials have been
reported, when designing more beneficial structures to meet
the market demands for high-performance LIBs or SIBs the
following factors must be considered: (1) to develop uniform
nanofibers with diameters below 50 nm. Thin 1D materials
could provide shorter diffusion pathways and faster Li inter-
calation kinetics; (2) to obtain uniaxially aligned nanofibers.
Electrospinning with improved designs or additional set ups>**2*°
could produce aligned nanofibers that can be more useful in
energy conversion devices due to the unique physicochemical
properties provided by their anisotropy and high surface-to-
volume ratio; (3) to prepare micro/nano structured composite
nanofibers. Multinozzle electrospinning could achieve controllable
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2.: Drying

3.: Calcination
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Fig. 20 Cartoon showing the preparation method of the nanofiber elec-
trodes. The process could be used on an industrial scale and the sequence
was spinning, drying and calcining.®’

composite fibers with different sizes and morphologies,**"*>>

thus taking advantage of the synergistic effect of diverse proper-
ties; (4) to electrospin conjugated or conductive polymers. Such
1D materials could not only show the toughness structure of
the polymers to buffer the huge volume change during the
charge-discharge cycling, especially for the larger Na* ion, but
also avoid further heat treatment at high temperatures in the
formation process of CNFs; (5) to incorporate heteroatoms into
1D nanofibers. The presence of heteroatoms at the carbon
surface can enhance the reactivity and electric conductivity,
and hence improve the Li*/Na*-ion storage capacity.>**>°°

2. To realize large scale production. The synthesis of self-
supported nanofiber electrodes consists of electrospinning
nanofiber films (1 - Fig. 20), followed by a drying step
(2 - Fig. 20), calcination (3 - Fig. 20) and casting of the current
collector. Since these procedures are scalable methods, the
electrode production is shown exemplarily as a continuous process
(Fig. 20)."®” However, current electrospinning processes commonly
have relatively low production rates (from the perspective of
industrial manufacture) and involve toxic and corrosive organic
solvents in the preparation of the precursor solutions. In the
near future, it is likely that research effort will be focused
on engineering an environmentally friendly electrospinning
process with a faster rate.

3. Developing all electrospun flexible batteries. In addition
to electrospun flexible cathode and anode materials, electro-
spinning is quite a suitable technique for the development of
highly porous and thick separators with high electrolyte intake,
good homogeneity and ionic conductivity. Traditionally, chemi-
cally and mechanically stable micro-porous polymer membranes
suffer from a low thermal stability, wettability and porosity, which
affect the overall battery performance. Alternatively, electrospun
nanoporous polymers have a high porosity and an interconnected
open pore structure, which can contribute to a high ionic
conductivity and sufficient mechanical strength. Thus, they
may be more suitable for battery fabrication.

4. The search for advanced battery systems. In recent years,
electrospun 1D materials have been widely used in many energy
conversion and storage devices, such as fuel cells, dye-sensitized
solar cells, LIBs and supercapacitors, which will pave the way for
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advanced battery systems, such as lithium-sulfur, sodium-ion
and lithium-air batteries. With joint endeavors from all parties
concerned, we believe that high performance electrospun 1D
materials can be applied in commercialized high-performance
advanced battery systems in the near future.
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