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A B S T R A C T   

Nanofibers (NFs) and composite NFs have been widely used as electrode and separator materials in lithium-ion 
batteries (LIBs) and sodium-ion batteries (SIBs) due to their high surface-area-to-volume ratio and versatility of 
their morphologies. The majority of carbon-fibers (CFs) anodes have been prepared by electrospinning and 
subsequent thermal treatment. Nevertheless, the low fiber yield and safety hazards associated with this method 
have raised concerns and limited the commercialization of composite CF anodes. Fiber and nanofiber processing 
methods such as centrifugal spinning can overcome low productivity and eliminate the use of a high voltage to 
produce fibers. In the present work, centrifugally spun fibers with alloying, transition metal oxides, and tran
sition metal sulfite-based materials are presented and discussed for potential use as anode materials in LIBs and 
SIBs. Emphasis is given on the centrifugal spinning process and its effects on fiber formation, morphology, and 
structure of these nanocomposite anodes.   

1. Introduction 

More than ever, batteries play a crucial role in the performance of 
electronic devices as society becomes more dependent on portable de
vices [1]. LIBs have been demonstrated to be the best fit to power 
portable devices because of their high energy density and long cycle 
stability [2]. Furthermore, as energy storage technology advances, 
batteries have been sought by other industries as an alternative to power 
their devices/machines. One of the best examples is the rise of electric 
(EV), plug-in hybrid (PHEV), and hybrid vehicles (HEV) as a potential 
solution to the CO2 emissions of fuel-powered vehicles. HEVs require a 
high-power LIB pack, while EVs and PHEVs require a high-ener
gy–density LIB pack to achieve a greater travel range [3]. Power per
formance and cycle life must also be improved for the future 
implementation of LIBs in all EVs Moreover, a major deterrent to the 
application of LIBs in EVs is the flammability (thermal runaway) when 
they are poorly designed, or when LIBs suffer thermal, electrical, or 
mechanical abuse [4] Other issues with the commercialization of energy 
storage technologies include the geographically constrained mineral 
reserves of lithium combined with the increasing demand for energy 
storage in large-scale renewable energy technologies (wind, solar, etc.). 
The relatively low abundance of lithium and its high demand make the 

depletion of lithium sources a possibility within a foreseeable future 
[5,6]. Because of this scarcity, potential alternative ions such as sodium 
are good candidates to replace lithium in larger-scale battery applica
tions. Sodium, in contrast to lithium, is widely recognized as an abun
dant and low-cost metal [5,7]. Unfortunately, sodium-ion batteries 
(SIBs) face a distinct challenge due to the large size of the Na-ion (Na+) 
[8,6] which prevents intercalation with graphite anodes [5,8,9]. 
Currently, work is being conducted to achieve the intercalation of Na+

with graphite. For example, hard carbon (HC) is extensively studied as a 
potential negative electrode for SIBs [8,6,9] HC is non-graphitizable and 
has turbostratic domains spaced by curved graphene nanosheets and 
larger interlayer spacings than the well-defined interlayer spacing in 
graphite (3.3 Å). Hence, the complex molecular-level structure of HC 
can reversibly accommodate large size ions such as Na+ [10]. Moreover, 
composite materials are being developed to improve the electrochemical 
performance of SIBs. Among the approaches selected, composite fiber 
anodes have been explored in some detail. 

In this review, metal/carbon (C), metal-oxide/C, and metal-sulfide/C 
composite-fiber anodes prepared by the centrifugal spinning method 
and subsequent thermal treatment, and their use in LIBs and SIBs, are 
discussed. Both binary and ternary composite carbon fibers (CFs) are 
considered. The use of these ternary composite fibers can alleviate the 
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high-volume expansion observed in high capacity metal oxide anodes 
and alloy-based materials. 

1.1. Working principle of batteries 

The main active components in a LIB include the cathode, anode, 
electrolyte, and separator. The schematic in Fig. 1 illustrates the Li+

transport between the electrodes. 
During the charging process, Li-ions move from the cathode through 

the ionically conductive electrolyte and either intercalate or alloy in the 
anode. During discharge, the Li-ions move back to the cathode passing 
once again through the separator, which is permeable to ionic flow but 
prevents short-circuits in the battery from direct contact of the elec
trodes [11–13]. The working principle of SIBs is similar, in that Na-ions 
alloy/dealloy or intercalate/deintercalate with the active material in the 
anode/cathode [14,9]. 

Separators based on composite fibers can be fabricated from 
nonwoven nano/microfibers. Several factors must be considered when 
designing a separator. Some key requirements include minimal ionic 
resistance, mechanical and dimensional stability, and electrolyte uptake 
[12,15]. Currently, polyolefin microporous membranes are the separa
tors used in commercial LIBs because of their electrochemical stability, 
adequate thickness, and good mechanical strength [16,17]. However, 
polyolefin separators are known for poor wettability and dimensional 
instability at elevated temperatures when the battery experiences a high 
current flow; such dimensional instability could eventually lead to in
ternal short-circuiting and thermal runaway [16,17,11]. Thus, research 
is also being conducted to overcome these issues by using nonwoven 
nanofibers as separator materials. 

The most used cathode materials in LIBs are LiCoO2 and LiFePO4, 
which are commercially available in the form of a slurry dispersed on a 
collector (aluminum foil) [18,19]. Similarly, anode materials such as the 
commercially available graphite can be prepared in slurry form and 
coated on a copper current collector (copper foil). Graphite remains the 

dominant anode material for LIBs, because of its flat potential profile, 
high coulombic efficiency, and good cycling performance. However, 
alternative anode materials with theoretical capacities higher than that 
of graphite (372 mAh g−1) are being studied to satisfy the demand for 
superior energy storage devices. Slurry-based anodes possess the 
advantage over binder-free anodes of being loaded with higher per
centages of active materials, which determines the energy density of the 
electrode. Moreover, a conductive agent that improves the transport of 
electrons (e.g., carbon black), and a polymer binder that maintains the 
slurry paste adhered to the current collector, can be added to the active 
material to improve the performance of the electrode [6]. Homogeneous 
slurries can be prepared with a high loading of active material (>70%) 
and dispersed on the copper collector. Nonetheless, slurry-based elec
trodes face challenges of their own. If a binder does not maintain the 
slurry in contact with the current collector, the active material will 
gradually lose physical contact with the current collector [20]. Loss of 
physical contact is usually caused by the volume change during the 
insertion/disinsertion of Li+ into the anode. In slurry-based anodes, the 
nanostructure of the active material can be modified to buffer any vol
ume change of the electrode. 

Nanofibers, on the other hand, can endow active materials with 
enhanced nanostructures and modify the structure of the matrix in 
which they are dispersed to further improve the volumetric buffering 
capabilities of the anode. Thus, composite fibers with high active ma
terial loading and good dispersion in the carbon-fiber matrix can result 
in binder-free anodes with improved electrochemical performance 
compared to slurry-based anodes. Centrifugal spinning (CS) has proven 
to be capable of producing beneficial structures such as hollow fibers 
and porous fibers that facilitate Li+/Na+ transport since the fibers can 
shorten electron pathways and increase ion accessibility [21–25]. 

Moreover, nanostructured materials with high surface area and a 
thin and stable solid electrolyte interface (SEI) layer can result in elec
trodes with high charge–discharge rates, thus improved the specific 
power and energy density of the battery [26–28]. In fact, mitigating the 

Fig. 1. Schematic with active components of lithium-ion batteries.  
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effect of SEI layer formation on the irreversible capacity and electro
chemical performance of LIBS has been a challenge for the scientific 
community [29]. During the SEI formation process, not only the con
stituents of the anode material are consumed, but also Li-ions [29,30]. 
Another aspect that causes the formation of SEI is the use of anode 
materials with higher working voltage than that of the electrolyte. The 
lower and upper working voltages of electrolytes are known as the 
lowest unoccupied molecular orbital (LUMO) and the highest occupied 
molecular orbital (HOMO), respectively. For commercial organic elec
trolytes such as dimethyl carbonate/diethyl carbonate (DMC/DEC), the 
LUMO and HOMO have values of 1.2 and 4.2 eV, respectively [31]. 
When the working voltage of an anode is below the LUMO of its elec
trolyte, such as in the case of graphite (0.2 V vs Li/Li+), the electrolyte 
will be reduced to reach the anode’s working voltage and form the SEI 
[2,30]. 

Currently, most of the work reported on centrifugal spinning focuses 
on the preparation of new materials and their use in different applica
tions; further investigation is needed to identify the effect of processing 
parameters on the mechanical properties and performance of the fibers 
[32]. In the following section, we explore how binder-free composite 
anodes and nonwoven membranes can effectively perform and over
come some of the issues encountered in conventional electrodes and 
separators for LIBs. 

1.2. Application of nanofibers in lithium-ion batteries 

Flexible binder-free anodes can be prepared with active material (e. 
g., nanoparticles) embedded in a carbon-fiber (CF) matrix to produce 
composite CFs. The use of CFs can decrease the cost of battery fabrica
tion because CFs can directly be used as binder-free anodes without the 
need for conductive fillers or a current collector (copper foil) [33,34]. 
The elimination of copper foil is especially beneficial since current col
lectors are major contributors to the environmental burden caused by 
the production of batteries [35]. Moreover, composite CFs have attrac
ted attention due to their high surface-area-to-volume ratio and high- 
rate of Li+ insertion when structural or surface defects are present 
[36,34]. The specific surface area of the CFs can be enhanced by 
different preparation methods. For example, the fiber morphology has 
been improved by the generation of pores, which can increase the 
clearance space for volume change and Li+ diffusion on the electrode 
surface [37]. Additionally, non-calcinated non-woven fibrous mats can 
also be used as battery separators To improve efficiency, the separator 
must feature small volume and high porosity [38,39]. Non-woven 
fibrous mats usually have a thickness between 100 and 200μ m and 
base density between 9 and 30 g cm−2 [40]. Fiber-based battery sepa
rators must have a fiber diameter smaller than 5μ m [40]. Fibers with a 
larger diameter can cause the presence of locally open spaces that could 
not properly prevent short circuits between the electrodes [40]. For this 
reason, non-woven membranes are mainly used as a support layer for 
separators impregnated with gel polymer electrolytes [41]. Nonetheless, 
fibers with smaller diameters can be prepared with current 
manufacturing technologies such as electrospinning and centrifugal 
spinning. PVDF is the most commonly used polymer in the preparation 
of separators, but polymers such as PAN and PMMA are also imple
mented to improve the thermal stability and mechanical strength of non- 
woven membrane separators [42,43]. Moreover, composite fibers can 
also be prepared to improve the performance of fiber-based separator 
membranes. Some commonly added fillers to the polymer fiber matrix 
include Al2O3, SiO2, and TiO2. Such particles can increase mechanical 
strength, thermal stability, and ionic conductivity [17,43]. Thus, the 
ability to manipulate the structure of fibers not only benefits the per
formance of electrodes but also the separator. 

1.3. Anode materials for Li-ion batteries 

Graphite is the primary commercial anode material for LIBs owing to 

its flat potential profile, stable capacity during prolonged charge/ 
discharge cycles, and high coulombic efficiency. However, the graphite 
anode exhibits relatively low theoretical capacity (372 mAh g−1) and 
low specific power caused by the low Li+ diffusivity (10−8 cm2 s−1) in 
the carbon structure [44]. Extensive research efforts have been made to 
overcome the deficiencies of graphite anodes. Metals, semimetals, metal 
oxides, and metal sulfides have been proposed as alternative anode 
materials to address the challenges facing the commercial graphite 
anode. These materials are based on lithiation-delithiation mechanisms 
such as intercalation-deintercalation, alloying-dealloying, and conver
sion reactions [26,28]. The intercalation, alloying, and conversion re
action mechanisms, which determine the behavior of active materials 
during the charge/discharge cycles, will be discussed in the following 
section. Then, a brief overview of other methods to produce separator 
membranes and CFs will be provided. 

1.3.1. Li+ intercalation – Deintercalation reaction 
Transition metal oxide and metal sulfide anodes exhibit improved 

electrochemical performance compared to graphite anodes due to their 
redox catalytic properties [45]. Anodes based on the Li+ intercalation- 
deintercalation reaction (e.g., graphite, layered structures of TiO2, 
MoO2, and metal sulfides such as MoS2, WS, TiS2, etc.) undergo a process 
in which the ions are incorporated as a guest within the host crystal 
lattice without destroying its structure Even though the limited inter
calation sites lead to relatively low capacities, the intercalation mech
anism is capable of retaining capacity over many cycles because it does 
not modify the structure of the host material [18]. Nonetheless, the 
insertion of ions into these metal oxides results in a high volume 
expansion, which ultimately leads to loss of contact between the active 
material and current collector of the electrode [22]. In this regard, 
composite CFs possess an advantage since their conductive structure 
functions as a current collector as well. 

1.3.2. Alloying-Dealloying reaction mechanism 
Anode materials based on the alloying mechanism are not limited by 

their atomic framework; this allows these types of materials to host a 
larger number of Li-ions [18]. Thus, since the ions break the bonds of the 
hosting material, higher specific capacities are achieved. Silicon, for 
example, is capable of forming metallic alloy phases such as Li13Si7, 
Li13Si4, Li10Si3, and Li22Si5, among others [46], with Li22Si5 (or Li4.4Si) 
having a theoretical capacity of 4200 mAh g−1 [46].Nonetheless, the 
addition of 4.4Li atoms per Si atom leads to an increase in volume to 
>400% of the Si-anode alone. Hence, even though alloying reaction 
materials are in principle capable of offering higher specific capacities, 
their commercialization has been deterred due to their large volume 
changes occurring after repeated charge/discharge cycles. 

Metal oxides can react with Li+ via alloying, insertion, or conversion 
mechanisms. In alloying-based metal oxides, lithium oxide and metal 
are formed in the initial lithiation cycle. In subsequent cycles, the newly 
available metal alloys with lithium. For example, chemical reactions (1) 
and (2) show the alloying reaction of SnO2. 

SnO2 + 4Li+ + 4e−→Sn + 2Li2O (1)  

Sn + 2Li2O + 4.4Li+ + 4.4e− ↔ Li4.4Sn + 2Li2O (2) 

In this reaction, a steady reversible capacity is achieved once the 
formation of lithium oxide has been completed (reaction (1)) by 
exhausting the oxygen in tin oxide [47] In the subsequent lithiation 
cycles, the newly formed inactive lithium oxide no longer reacts with the 
Li+. However, Sn is now capable of alloying with the remaining avail
able Li+ supply (reaction (2)). 

Despite their large volume expansion, materials based on the alloy
ing mechanism are extensively sought after because of their greater 
specific capacities. Multiple approaches have been explored to alleviate 
the strains caused by the volume expansion of the electrode. It has been 
shown that the large volume change is an intrinsic characteristic of 
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materials that react based on alloying, and attempts to repress this 
volume change will come at the price of a lower capacity and lower 
reversibility [48]. For composite CFs, one of the approaches used to 
allow volume expansion of the silicon or other metalloids without highly 
increasing the overall anode volume is the production of porous or 
hollow structured fibers. For example, porous Sn/SnOx nanoparticles 
were successfully inserted in the pores within CFs [49]. This allows free 
space within the pore to be filled by the active material when it expands. 
In another example, Si nanoparticles were encapsulated in folded gra
phene cylinder-like structures [49]. The folded graphene network not 
only increased the overall conductivity of the CFs but also buffered the 
volumetric expansion of silicon that provoked mechanical stresses that 
in turn lead to the pulverization of fibers. Fibers with porous structures 
have been extensively used to buffer the volume change of high capacity 
anodes. In this review, porous fibers fabricated by centrifugal spinning 
will be discussed. 

1.3.3. Conversion reaction mechanism 
Transition metal oxides based on a conversion mechanism (redox 

reaction) are of great interest for anode materials. During the conversion 
reaction, the formation of decomposed lithium oxide (Li2O) is accom
panied by the formation of metal nanoparticles via oxidation–reduction 
reactions [26]. This mechanism can be illustrated as follows [50]: 

MxOy + 2yLi+ + 2ye− ↔ yLi2O + xM (3) 

During a conversion reaction, the ability to partially reversibly 
decompose Li2O back into a metal oxide leads to high reversible ca
pacities and high energy densities [26]. Unfortunately, metal oxide 
anodes based on a conversion reaction mechanism suffer from low 
coulombic efficiency during the first cycle, unstable SEI layer formation, 
large potential hysteresis, and capacity fading during cycling [51]. 
Several methods have been used to improve the electrochemical per
formance of metal oxide and metal sulfide-based anodes, such as the use 
of nanostructured metal oxide/metal sulfide anode materials and metal 
oxide/carbon nanocomposites. 

1.4. Preparation methods of fibers 

In this section, we discuss some of the top-down processing methods 
capable of producing fibrous structures for battery applications with 
emphasis on the centrifugal spinning method. These methods include 
melt blowing, bicomponent fiber spinning, phase invention, electro
spinning, and centrifugal spinning. Short introductions to their pro
duction procedures and working mechanisms will be presented with 
emphasis on the use of fibers in battery applications. 

1.4.1. Melt blowing 
Melt blowing is a process in which a molten polymer is extruded 

through a small die and stretched by high-pressurized hot air to form 
microfibers (Fig. 2) [52]. The technology was first developed by the 
American Naval Research Laboratory and further designs such as 
Exxon’s commercial-scale melt blowing mechanism emerged thereafter 
[53]. In this method, a typical fiber diameter range between 0.5 and 2μ 
m can be produced [53,52,54]. 

One of the main advantages of melt blowing is that there is no need 
to use a solvent to liquefy the polymer. Thus, the production cost and 
environmental impact are reduced [52]. For this reason, melt blowing 
represents a relatively low-cost manufacturing process to produce sep
arators. The implementation of melt blowing has been proposed to 
fabricate thin, but strong, separators with materials such as polyesters, 
polyamides, and polymethyl pentene [55]. Of these polymers, poly
methylpentene showed tolerance to high temperatures while polyester 
and polyamide exhibited excellent dimensional stability at high tem
peratures [55]. Finally, novel technologies are emerging to enable the 
production of fibers and nanofibers by blow spinning. This hybrid 

approach combines electrospinning with melt-blown spinning. In this 
process, polymer solutions, with or without active materials, are pre
pared using volatile solvents. A high-speed airflow is then applied 
alongside a needle where the solution is being injected. The airflow 
forms the solution jet that ultimately forms into fibers [56,57]. Although 
this method brings solvents back into the process, blow spinning can 
produce fibers with a smaller average diameter than melt blowing, 
ranging from 100 to 1000 nm, thus making them appealing for battery 
applications [56,57]. 

1.4.2. Bicomponent fiber spinning 
In the biocomponent fiber spinning process, two melted polymers are 

co-extruded through a coaxial spinning head, or nozzle, to form fila
ments with designed cross-sectional profiles [58]. Fig. 3 shows a sche
matic of the fiber melt spinning line. 

Among the available cross-sectional profiles, side-by-side, core/ 
sheath, and islands-in-the-sea are the most common (Fig. 3) [59]. These 
profiles can be obtained by simply changing the spinning head die. This 
versatility in cross-sectional profiles can potentially enable optimization 
of fiber parameters such as mechanical strength, surface area, and 
thermal stability. For example, unidirectional carbon fibers were pro
duced by the bicomponent fiber spinning process and subsequent 
thermo-chemical stabilization and carbonization of the polymer fiber 
precursor (Fig. 4). 

In battery applications, hollow and finned fibers are remarkably 
attractive since they increase surface area. Thus, this processing method 
could also be explored to produce nonwoven fiber membranes for use as 
battery separators. However, some challenges must be overcome before 
achieving the manufacturing capability to produce these complex CFs 
profiles. To begin with, fibers with these cross-sectional profiles have a 
diameter ranging between 0.5 and 20μ m [60] and, as mentioned above, 
fibers used as separators must have an average diameter of<5μ m. These 
novel structures indeed increase the surface area of the fibers, but they 
remain too large for battery applications. However, the reduction of 
their dimensions for the benefit of battery applications is a goal worth 
exploring. 

Fig. 2. Single-orifice melt-blowing process.  

R. Orrostieta Chavez et al.                                                                                                                                                                                                                    



Materials Science & Engineering B 266 (2021) 115024

5

1.4.3. Phase inversion: NIPS & TIPS 
Phase inversion is a mainstream method to prepare membranes 

because it can conveniently be adapted for large scale production [61]. 
However, it involves the implementation of large amounts of organic 
solvents which are a safety hazard due to their toxic and/or flammable 

nature [61]. The two main types of phase inversion are thermally 
induced phase separation (TIPS) and non-solvent induced phase inver
sion (NIPS). During the TIPS process, a thermodynamically unstable 
polymer solution forms two phases, one being polymer-rich and the 
second being polymer-lean [62]. The phase separation process is 

Fig. 3. Schematic of a bicomponent fiber melt spinning line. After Naeimirad et al. [59] with permission.  

Fig. 4. Schematic describing the method for creating novel CF structures. After Hunt et al. [60] with permission.  
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induced by either cooling below the binodal solubility curve or by 
adding an immiscible solvent to the solution [63]. After removing the 
solvent and drying the polymer-rich and polymer-lean phases, a porous 
structure is formed due to the difference in density between the two 
phases [62]. Similarly, during NIPS, a homogeneous dope solution is 
exposed to a coagulation bath where the solution becomes thermody
namically unstable. The unstable solution then traverses a binodal curve 
which leads to a polymer-rich and polymer-lean phases that become the 
membrane structure and pores [64]. Membranes manufactured via 
phase inversion are used in applications such as food industries, 
wastewater treatment, and energy storage. Recently, polymer fiber 
membranes have been developed by the TIPS method for use as sepa
rators in LIBs. For example, PVDF/PAN fibrous membranes have been 
produced via TIPS with controllable morphology (pore size), tensile 
strength, thermal stability, electrolyte uptake, and ionic conductivity via 
composition of PAN:PVDF ratios [65]. In that work, the results showed 
that PAN:PVDF separators enhanced the resistance to shrinkage due to 
high temperatures (160 ◦C) although the ionic conductivity decreased 
from ~3.5 mS/cm in the 100% PVDF separator to ~2.0 mS/cm in the 
PVDF70/PAN30 blend. Moreover, the phase inversion process also en
ables the production of composite membranes such as Al2O3/PVDF-HFP, 
and PVDF/PAN/SiO2 for battery separator applications [66,67]. For 
these composite membranes, a PVDF70/PAN30 with 1 wt% SiO2 sepa
rator exhibited an improved ionic conductivity compared to the PVDF 
separator [67]. 

1.4.4. Electrospinning 
The electrospinning process has been known since 1900 when it was 

first introduced by Cooley [68]. Electrospinning is capable of producing 
fibers with dimensions down to the nanoscale, but it was not until the 
1990s that the nanotechnology field realized the potential of using fibers 
[69]. Today, the fabrication of nanofibers and microfibers via electro
spinning is broadly employed at the laboratory scale because of its 
simplicity, cost-effectiveness, and versatility [70]. Moreover, electro
spinning possesses unique advantages such as improved dispersion and 
tangential alignment of nanowires and single-walled carbon nanotubes 
(SWCNTs) within the nanofibers compared to other fiber spinning 
methods [71]. During electrospinning, a high voltage is applied to a 
needle from which the polymer solution (or melt) is drawn. The charge 
difference between the solution and collector induces tension forces that 
eject a thin solution thread and aligns nanofibers with 1D nanostructure. 

Soon after the solution is ejected, the solvent evaporates and forms 
micro/nano fibers in the form of a Taylor cone [13,68]. A schematic of 
this spinning mechanism is shown in Fig. 5. Electrospinning has been 
widely used to prepare composite membranes and CFs for applications 
in LIBs and SIBs. [13,72]. In the following section, centrifugal spinning 
will be discussed and compared to the electrospinning method. 

2. Centrifugal spinning 

Centrifugal spinning (CS) is a low-cost and operationally safe 
manufacturing alternative that is gaining momentum in the production 
of fibers for multiple applications, mainly due to its much higher fiber 
yield of 50 g/hr compared to electrospinning (0.1–1 g/hr) [32,73]. 
Moreover, CS overcomes some disadvantages that electrospinning faces 
such as the use of a high voltage (>10 kV) to stretch the fibers during 
processing, and solvent limitations due to insufficient dielectric constant 
[74,75,23]. In CS, centrifugal forces are applied to a polymer solution or 
melt, to overcome its surface tension and stretch the polymer droplet 
(jet) to form fibers [23]. The process begins when a fluid is loaded into a 
spinneret. Then, centrifugal forces are applied to the solution/melt at 
high rotational speeds resulting in a polymer jet ejected from the needles 
attached to the arms of a spinneret. This curved jet is subsequently 
stretched by extensional forces to form thin fibers deposited on the 
collectors [32,76,23]. Finally, nonwoven fibers are collected in discrete 
steps to form a multilayered membrane. Fig. 6 shows the CS setup with 
the spinneret at the center and 8 collectors equally spaced around the 
spinneret. 

While parameters such as viscosity (concentration) and evaporation 
rate (for solutions) play important roles in the production of both elec
trospun and centrifugally spun fibers [36,76] temperature (for melts), 
collector-to-spinneret distance, and rotational speed are parameters that 
only apply for centrifugal spinning. These CS exclusive parameters 
enable researchers to have greater control over the centrifugally spun 
fiber structure. In general, and as expected, it has been observed that 
lower solution concentrations at higher rotational speeds produce 
thinner fibers [77]. A further crucial difference between centrifugal 
spinning and electrospinning is that the drawing forces applied to the 
solution during centrifugal spinning are not affected by the collection 
distance as in the electrospinning method due to the distance-dependent 
voltage [76]. Thus, choosing the optimum collection distance for cen
trifugal spinning depends only on the solvent evaporation rate. If the 

Fig. 5. Electrospinning set up.  
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fiber collection distance is small, the diameter of the fiber will be larger 
but once the critical distance for solvent evaporation is reached, the 
collection distance becomes less relevant [76]. In CS, there is a critical 
rotational speed that must be reached to eject the solution from the 
spinneret. Furthermore, a second critical angular velocity exists after the 
solution jet has been initiated. This velocity is reached once the exten
sional forces on the solution jet have achieved steady-state forces due to 
the spinneret rotation. As a consequence of this constant pull, the so
lution exits the spinneret at a higher rate and the jet diameter is reduced 
well below that of the outlet nozzle [76]. 

The combination of centrifugal forces with multiple configurations 
of easily interchangeable spinnerets makes the CF a versatile method 
with increased material choice, improved production rate, and lower 
fiber costs through environmentally friendly processes. Centrifugal 
spinning significantly increases the selection of materials by allowing 
both non-conductive and conductive solutions to be spun into fibers. 
Both, polymer melts and solutions are suitable for centrifugal spinning 
[78,79,36,80]. Solutions with conductive fillers are also suitable for 
centrifugal spinning because, unlike electrospinning, there is no electric 
field being applied to the solution/melt during centrifugal spinning 
[81]. This is one of the advantages of the centrifugal spinning process. 
Polymer melts such as ultra-high molecular weight polyethylene and 
polypropylene (PP) have been successfully into centrifugally spun fibers 
without the need of solvents [36,79]. Keep in mind that the electro
spinning of a polymer melt requires a high current to be applied to the 
melt to overcome the surface tension of the melt and this might result in 
safety-related issues, especially during the large-scale production of fi
bers. Conductive solutions are also suitable for the centrifugal spinning 
polymer solutions with added nonconductive/conductive nanoparticles 
are also suitable [82]. However, a good nanoparticle dispersion must be 
achieved prior to centrifugal spinning, otherwise suspended particles in 
the solution could lead to large nanoparticle agglomerations or 
completely impede fiber formation due to nozzle clogging. In centrifugal 
spinning, the fiber diameter can be reduced by modifying the properties 
of the solution, such as the viscosity and solvent vapor pressure, and also 
the spinneret rotational speed [83]. High vapor pressure solvents can 
lead to higher viscosities during the formation of the polymer jet pre
ceding the fiber formation. Thus, reducing the viscosity can lead to 
smaller fiber diameters. Fibers with small diameters can also be formed 
utilizing lower vapor pressure solvents [84,85]. In fact, the solvent 
evaporation and spinneret rotational speed play an important role in 

determining the fiber morphology and diameter [84]. For materials used 
to produce carbon-fiber anodes via centrifugal spinning, high vapor 
pressure solvents such as methanol, acetone and ethanol are frequently 
utilized, leading to larger average diameters. However, solutions pre
pared with low vapor pressure solvents such as water can produce 
smaller fiber diameters. For example, PEO and PVA fiber, prepared by 
centrifugal spinning showed an average diameter of 500 and 304 nm, 
respectively [32,86,87,88]. From our perspective, the nano size scale is 
in the range of 1–100 nm [89]; any size above 100 nm is in the sub
micron range. In our previous work on the electrospinning of lanthanum 
titanate oxide/PAN/DMF precursor solutions for fibrous mats for battery 
separators, it was reported that the electrospun LOT/PAN composite 
fibers had an average diameter of 250 nm [90]. In general, nanowires, 
nanotubes, and nanoparticles with 1–20 nm are considered nano
materials. For battery applications, the volume to surface ratio is an 
important characteristic to improve the Li-ion diffusion in the electrode 
and to increase contact area between the fiber-electrode and electrolyte. 
Thus, the use of the term “nanofiber” in most of the work published on 
electrospinning or centrifugal spinning is misleading. The average fiber 
diameter of the composite fibers discussed in this review as anodes in 
LIBs and SIBs is in the submicron range. 

It is worthwhile to mention here that electrospinning is also capable 
of producing fibers in the sub-micron range [91,27,92]. However, to 
achieve smaller fiber diameters in electrospinning, lower flow rates need 
to be selected, which results in a low production rate [91]. For example, 
when producing electrospun PVA fibers from aqueous solutions, the 
average diameter of the fibers ranged from 250 nm to 2 μm [93,94]. 

Aqueous PEO solutions prepared at polymer concentrations ranging 
from 3 to 7 wt% were also used to produce fibers in electrospinning with 
diameters between 34 nm (3 wt% PEO) and 450 nm (7 wt% PEO). 
Similarly, changing the viscoelastic properties of the polymer solution 
either through the solvent, adding plasticizing agents, or increasing 
angular speed can further expand the fiber dimeter range of centrifu
gally spun PEO fibers. Studies on the centrifugal spinning of PEO fibers 
have shown that, similarly to electrospinning, the fiber diameter was 
increased with increasing polymer concentration [87]. Moreover, unlike 
in electrospinning, the nozzle-to-collector distance in centrifugal spin
ning does not affect the applied drawing forces (centrifugal forces) to the 
solution or melt during spinning. In fact, the nozzle-to-collector distance 
is another processing parameter that can control the diameter of 
centrifugally spun fibers, as observed in Fig. 7. 

Fig. 6. Centrifugal spinning spinneret and collector schematic.  
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Recently, our team has successfully produced PEO/Ag composite 
fibers from aqueous solutions with an average diameter of ~280 nm 
(Fig. 8). In summary, changing the properties of the polymer solution, 
either through the amount of solvent being used and/or adding a plas
ticizing agent/salt to the solution, and increasing the spinneret rota
tional speed can have vital effects on the diameter and morphology of 
centrifugally spun fibers. 

It is important to note here that the elongation of the polymer jet 
during the formation of fibers in centrifugal spinning of binary systems 
(polymer/solvent) can initiate phase separation. When the solution jet is 
formed and elongation begins, flash vaporization, decompression of the 
polymer solution, and cooling due to the consumption of heat during 
vaporization accompany the process [95]. During this process, the 
polymer jets become thermodynamically unstable and phase separation 
takes place by forming polymer-rich and solvent-rich phases [95]. Thus, 
this process can be considered a TIPS phase inversion method. More
over, evaporation of solutions with solvent mixtures in centrifugal 

spinning can lead to porous structures due to phase separation. A 
mechanism that can explain this is that during jet elongation, the solvent 
with a higher vapor pressure evaporates more rapidly, leaving behind 
the solvent with a lower vapor pressure. As the higher vapor pressure 
solvent evaporates, the lower vapor pressure solvent clusters and 
become the solvent-rich phase that eventually forms pores in the fibers 
[23]. In the case of a centrifugal spinning polymer solution containing 
solid nanoparticles, one can assume that if the particles are found in the 
polymer-rich phase, then this can result in the agglomeration of nano
particles in the fiber matrix. Similarly, agglomeration could occur if the 
particles are found in the solvent-rich phase, but in this case, the par
ticles will be placed in the pores, which is beneficial for battery appli
cations to reduce the volume expansion of the electrode. On the other 
hand, active material agglomeration in the carbon matrix is not bene
ficial since this structure limits the accessibility of Li+ to the active 
material. 

Fig. 7. Average diameter as a function of nozzle-to collector distance (cm) for a 6 wt% PEO solution after Zhang et al. with permission [87].  

Fig. 8. Histogram, linear distribution, and SEM image of centrifugally spun PEO/Ag composite fibers [Alcoutlabi and coworkers, unpublished data].  
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3. Centrifugally spun fibers 

3.1. Carbon fibers 

Carbon fibers can be prepared from different polymer precursor so
lutions or melts. Solutions made from polymers such as polyacrylonitrile 
(PAN), polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), poly
vinylidene fluoride (PVDF), among others [96] have been used as CFs 
precursors. Currently, 95% of CFs are produced from PAN precursor 
fibers due to their high carbon yield after carbonization [97,98]. When 
used in LIBs, carbon-fiber anodes prepared from centrifugally spun PAN 
precursor fibers delivered a reversible capacity of 297 mAh g−1 after 100 
cycles at 100 mAg−1 [75]. Nevertheless, the high cost of PAN limits the 
large scale production of carbon-fiber anodes for LIBs [97]. Moreover, 
dimethylformamide (DMF) is the commonly used solvent for PAN so
lution, but DMF is toxic and can raise environmental concerns for large 
scale production of CFs [49]. As a result, economical, environmentally 
friendly, and water-soluble polymers such as PVP and PVA are becoming 
increasingly popular alternatives for the preparation of CFs [49,99]. 
However, these polymer alternatives have relatively lower carbon yields 
and in the case of PVP, severe shrinkage is observed after carbonization 
[99,100]. Nonetheless, our group has successfully produced flexible CFs 
with reduced volume shrinkage during carbonization, from aqueous 
PVP precursor solutions via centrifugal spinning and a novel three-step 
heat treatment [101]. This thermal treatment enabled the production of 
flexible CFs at higher temperatures than that used in previous work 
[99,102,103]. These CFs were used directly as anodes in half-cell Li-ion 
batteries and delivered a capacity of 275 mAh g−1 after 100 cycles at a 
current density of 100 mAg−1 [101]. Results on CFs prepared from 
electrospun PAN precursor fibers and subsequent thermal treatment 
showed that carbonization temperature plays a central role in increasing 
conductivity and carbon yield relative to residual elements after pyro
lyzing PAN (C3H3N) [104]. Achieving such high conductivities enables 
stand-alone CF anodes to function properly without the addition of 
conductive fillers or a current collector. 

3.2. Centrifugally spun composite fibers for LIB anodes 

Centrifugally spun composite fibers have been recently used as anode 
materials for LIBs and SIBs. The electrochemical performance of the 
composite anodes varies depending on the amount of active material 
embedded in the carbon fiber matrix, the properties of the polymer 
precursor solution, and processing parameters. In the following sub
sections, we summarize and discuss results on composite-fibers prepared 
by CS and subsequent thermal treatment for use as anodes in LIBs. 

3.2.1. Alloying based materials 
Common characteristics of alloying based materials include their 

high theoretical capacity accompanied by a large volume change during 

charge/discharge cycles, which can lead to anode fracture and crum
bling. To retain the higher capacity offered by alloying based materials, 
volume buffering structures need to be implemented in centrifugally 
spun fibers. In general, two main methods have successfully achieved 
high capacities for highly expandable materials. One approach involves 
introducing pores in the fibers where the particles are located. This 
clearance between the particles and fibers is filled by the expansion of 
the nanoparticles after lithiation, thus decreasing the overall volume 
change of the anode [105–108]. The other method involves constraining 
the volume change of the particles by encapsulating them in a carbon 
matrix [49,109,110]. These approaches could be implemented in the 
future to improve the electrochemical performance of centrifugally spun 
composite-fiber anodes for LIBs. Table 1 illustrates a list of alloy-based 
materials used in the preparation of composite-fiber anodes via CS for 
LIBs. Each of these materials is discussed in the following subsections. 

3.2.1.1. Si/C. Silicon is perhaps the most promising material for use as 
an anode in LIBs because it can accommodate up to 4.4Li+ per Si atom 
via its alloying mechanism, which enables the Si anode to achieve its 
high theoretical capacity of 4200 mAh g−1 at a low alloying/dealloying 
potential [114]. The low potential can result in a higher open voltage 
window, leading to a higher energy density battery. However, the low 
potential also leads to the formation of a large SEI layer because of the 
LUMO in commercial organic electrolytes. Furthermore, the large SEI 
layer can also lead to irregular exfoliation of the Li counter electrode, 
leading to the formation of dendrites that can cause electronic discon
nection and short circuits [115]. Despite these challenges, harnessing 
the high capacity of silicon is the target of many researchers. For this 
reason, centrifugally spun Si/C CFs have been prepared using water- 
soluble PVA as the polymer precursor [111,116]. As expected, the 
large volume change of Si can cause a significant capacity fading after 
the first cycle due to repeated breaking and formation of the SEI layer 
[105,117]. Nonetheless, the discharge capacity increased from 625 
mAh g−1 to 758 mAh g−1 from the 20th cycle to the 50th cycle at a 
current density of 100 mA g−1 [111]. Also, control samples of PVA- 
derived CFs were prepared for comparison. The carbon-fiber anode 
maintained a capacity of ~178 after 50 cycles at 100 mAg−1 [111]. 

3.2.1.2. Sn/C. Tin has a theoretical capacity of 993 mAh g−1 [118] 
however, Sn suffers from a large volume change during charge/ 
discharge cycles, resulting in anode cracking and pulverization [118]. 
To reduce volume expansion, Sn nanoparticles (60–80 nm) and micro
particles (150 nm) embedded in centrifugally spun porous PAN CFs were 
prepared to investigate the impact of the Sn particle size on the elec
trochemical performance of Sn/C composite fibers [75]. Composite fi
bers containing Sn nanoparticles and microparticles showed capacities 
of 715 and 724 mAh g−1, respectively, after 50 cycles at a current 
density of 100 mA g−1 [75]. One of the main advantages of smaller 
particles includes their higher surface area, which allows for more 

Table 1 
Alloying based materials used in the preparation of composite carbon fibers via centrifugal spinning for use as anodes in LIBs.  

Composite fiber 
anode material 

Polymer precursor(s), 
additive(s), and solvent(s) 

Spinning 
conditions 

Stabilization and carbonization Electrochemical performance at 100 mAh g−1 Reference 

Si/C 14% PVA/DI water +
19% Si/DI water 

5000 rpm for 
5 min, 

Partially carbonized by acid treatment 
followed by carbonization at 800 ◦C for 30 
min. 

758 mAh g−1 after 50 cycles [111] 

Sn/C [12% PAN (15% Sn)]/ 
DMF 

8000 rpm Stabilized at 280 ◦C for 5 hrs. and carbonized 
at 800 ◦C for 2 hrs. 

715 and 724 mAh g−1 after 50 cycles for nano 
and micro particles, respectively 

[75] 

Sn/C [12% PAN (15% Sn)]/ 
DMF 

8000 rpm Stabilized at 280 ◦C for 5 hrs. and carbonized 
at 800 ◦C for 2 hrs. 

675 mAh g−1 after 100 cycles with a ten 
minutes rest between each discharge cycle. 

[112] 

Sb/C [4 g PVB + 5 g SbCl3]/ 
40.0 mL methanol 

– Carbonized at 600 ◦C for 2 hrs 315.9 mAh g−1 after 100 cycles [113] 

Sb/C [4 g PVB + 4 g SbCl3]/ 
40.0 mL methanol 

– Carbonized at 600 ◦C for 2 hrs 254.4 mAh g−1 after 100 cycles [113] 

Sb/C [4 g PVB + 6 g SbCl3]/ 
40.0 mL methanol 

– Carbonized at 600 ◦C for 2 hrs 131.1 mAh g−1 after 100 cycles [113]  
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alloying/dealloying sites for Li-ions. However, no significant difference 
in the capacity was observed between Sn-nanoparticles/C and Sn- 
microparticles/C composite fibers after 40 cycles. This could be attrib
uted to the arbitrary dispersion of particles within the porous fiber 
matrix and the agglomeration of Sn nanoparticles during centrifugal 
spinning. 

3.2.1.3. Sb/C. Antimony has been widely used with carbon as a nano
composite anode for LIBs because of its relatively high theoretical ca
pacity of 660 mAh g−1 [113]. Recently, Sb/C composite fibers were 
prepared by centrifugal spinning followed by a heat treatment. Three 
different precursors of SbCl3/PVB with weight ratios of 4:4, 5:4, and 6:4, 
labeled Sb4, Sb5, and Sb6, respectively, were used to prepare anodes 
[113]. In this case, the Sb/C composite fibers were used as an active 
material to prepare a slurry coated onto copper foil with a ratio of 8:1:1 
for the active material, carbon black, and PVDF binders, respectively. By 
using slurry-based electrodes for Li-ion half cells, the authors were able 
to reduce the overall thickness of the anode while improving the me
chanical properties by the addition of the binder and provided a 
continuous pathway for electron transfer through the short fibers. 
Moreover, the addition of carbon black further increased the conduc
tivity of the Sb/C composite-fiber electrode. The results presented for all 
three anodes included charge/discharge curves, cycle performance, rate 
performance, and electrochemical impedance. The Sb4, Sb5, and Sb6 
anodes delivered discharge capacities of 254, 316, and 131 mAh g−1 

after 100 cycles, respectively [113]. A general observation with Sb/C 
composite fibers is that an increase in Sb loading (wt.%) enhanced the 
Li+ storage capacity in the anode, but it negatively affected the cycle 
performance due to the aggregation of Sb nanoparticles, which led to 
high volume change and crumbling of the active material [113]. This 
trend can be observed in the cycle performance of these materials, as 
shown in Fig. 9. 

3.2.2. Carbon/Metal-Oxide composites 
Metal oxides can host Li-ions either by alloying, intercalation, or 

conversion. In some cases, metal-oxides exhibit a two-step reaction in 
which a conversion reaction first forms a lithium oxide layer, followed 
by the alloying mechanism (alloying or intercalation) of the transition 
metal. In this review, metal oxides comprise the widest variety of ma
terials. Table 2 shows a summary of the different materials prepared via 
CS and their electrochemical performance. 

3.2.2.1. Cu2O/C. Copper (I) oxide (Cu2O) and copper (II) oxide (CuO) 
are attractive materials for use as anodes in LIBs due to their redox 

catalyst activity, nontoxicity, affordability, natural abundance, and high 
theoretical capacity (674 mAh g−1) [33,124]. CuO/C composite-fiber 
anodes for LIBs were prepared recently using the centrifugal spinning 
followed by a heat treatment [119]. The CuO/PAN solution precursor 
was prepared from 15 wt% CuO in a 12 wt% PAN/DMF solution. The 
CuO/C composite anode delivered a capacity of ~180 mAh g−1 after 100 
cycles [119]. The centrifugally spun composite fibers show a high irre
versible capacity at the first cycle, which was due to SEI formation and 
the high surface area of fibers. The low capacity of the CuO/C composite 
anode after 100 cycles in part originated from the low content of active 
material (CuO) in the carbon-fiber matrix. Unfortunately, at higher 
concentrations, the CS process did not yield fibers. Increasing the 
amount of active material resulted in a high viscosity solution that was 
difficult to process by CS. The same processing difficulties can be 
encountered in electrospinning. 

3.2.2.2. MoO2/C. Molybdenum Oxide (MoO2) is an attractive metal 
oxide for anode preparation because of its low electrical resistivity (8.8 
× 10−5 Ω cm) and high theoretical capacity (838 mAh g−1) [125]. 
However, one of the biggest challenges for MoO2 anodes is obtaining 
large specific capacities at higher current densities [125]. Recently, 
MoO2/C composite fibers were prepared by the centrifugal spinning of 
MoO2 precursor (Ammonium molybdate) at different concentrations of 
40, 50, 60, 70, and 80 wt% in 15 wt% PAN/DMF solutions. Fig. 10a 
through d show the cycle performance results for the 50, 60, 70, and 80 
wt%. Active material in the PAN/MoO2 precursor fibers. Looking at the 
different charge/discharge plots, one can identify that anodes made 
from the 70 and 80 wt% active material delivered the highest specific 
capacities. This can be attributed to the larger amount of active material 
exposed to lithiation. However, structural instabilities induced by strain 
in the anode lead to capacity fading and/or poor performance. Also, a 
higher active material loading did not necessarily yield higher specific 
discharge capacities. The MoO2/C composite-fiber anodes with 50 and 
60 wt% active material in the PAN/MoO2 precursor, Fig. 10a and b, 
respectively, illustrate this claim because the 50 wt% delivered more 
stable and higher capacities despite its lower loading of active material. 
Thus, it can be concluded that implementing techniques to better 
distribute the active material within the fibers can be just as effective, if 
not more effective, than simply increasing the amount of active material 
to improve the anode capacity. 

3.2.2.3. Fe3O4/C. Magnetite (Fe3O4) is considered a potential anode 
material for LIBs owing to its low cost, low toxicity, and high theoretical 
capacity (~924 mAh g−1) [96]. However, Fe3O4 exhibits limited ion 

Fig. 9. a) Cycle performance, and b) rate performance for Sb4, Sb5, and Sb6. After Lv et al. [113] with permission.  

R. Orrostieta Chavez et al.                                                                                                                                                                                                                    



Materials Science & Engineering B 266 (2021) 115024

11

diffusion and loss in specific capacity caused by its high volume change 
after repeated charge/discharge cycles [114]. One method that has been 
widely used to reduce the volume change is to disperse Fe3O4 nano
particles in a carbon-fiber matrix [26]. For this reason, Fe3O4/C com
posite fibers have been prepared by the centrifugal spinning of iron (III) 
acetate homogenized in a PAN/DMF solution. Then, the fibers were 
prepared and subsequently stabilized at 250 ◦C in air, and carbonized at 
600 ◦C under an argon environment. The Fe3O4/C composite-fiber 
anode delivered a reversible capacity of 328 mAh g−1 after 100 cycles 
at a constant current density of 100 mAg−1. The amount of Fe3O4 (active 
material) in the precursor solution was 15 wt%. Thus, a low capacity 
was observed after 100 cycles [96]. A high loss in capacity after the first 
cycle caused by the high surface area and large thickness of the fiber 
anodes was observed, indicating that a thick SEI layer was formed. 

In a similar study, CS was employed to produce hollow α-Fe3O4/C 
composite fibers for use as anodes in LIBs [122]. α-Fe3O4 has high 
theoretical capacity of 1004 mAh g−1, low toxicity, and is abundant 
[122]. In contrast to previous methodologies, the active material was 
not introduced in the solution before centrifugal spinning. Instead, 
hollow PAN fibers were first produced by centrifugal spinning. Then, 
these fibers were immersed in a solution prepared from ground heat- 
treated α-Fe3O4/PVP fibers and ethanol. The soaked fibers were then 
dried and carbonized. Additionally, pristine CFs (PAN/DMF) were pre
pared using the same carbonization process to compare the electro
chemical performance of the CFs coated with α-Fe3O4/PVP precursor 
solution with that of the pristine CF (control). After the second cycle, 
both the CFs and α-Fe3O4/C composite fibers retained a relatively con
stant capacity of 200 and 505 mA g−1 [122]. For these anodes, the SEI 
layer completely formed after the first cycle and no further Li+ were 
consumed if the following cycles leading to stable capacities. Moreover, 
these fibers provided excellent ion accessibility during lithiation/ 

delithiation, since they did not suffer a significant loss in capacity at 
higher current densities and regained their capacity when cycled back at 
lower current densities during the rate performance testing. 

3.2.2.4. TiO2/C. Titanium dioxide (TiO2) can be found in polymorphic 
states such as anatase, rutile, brookite, and TiO2-II (bronze). Among the 
various configurations, the anatase phase has been widely used in LIBs 
because it is the most electroactive host for Li+ intercalation [46]. 
Moreover, TiO2 is an attractive anode material due to its environmental 
friendliness, low cost, abundancy, low volume expansion (3–4%), and 
moderate theoretical capacity (335 mAh g−1) [126,102]. Although the 
theoretical capacity of TiO2 is lower than that of graphite (372 mAh 
g−1), TiO2 possesses a higher operating potential (<0.8 V vs Li/Li+) 
[31,127]. This is beneficial because it is closer to the LUMO of com
mercial organic electrolytes DMC/DEC (1.2 eV) [31]. For these reasons, 
hollow and non-hollow fibers with anatase TiO2 filler were prepared by 
CS. Fig. 11 shows the cycle performance plots of the hollow and non
hollow TiO2/C composite fibers. It is observed that the capacity of the 
hollow fibers is higher than that for the non-hollow fibers and increases 
with increasing cycle number. This could be attributed to the porous and 
hollow structure, which allows the TiO2 to accommodate more Li+

within the structure owing to the extra access of electrolyte to the active 
material after prolonged charge/discharge cycles. 

3.2.2.5. α-Fe2O3/TiO2/C. As mentioned in Section 3.2.2.3, α-Fe3O4 has 
a high theoretical capacity of 1004 mAh g−1 [122] but it also suffers 
from loss in specific capacity due to the high volume change after pro
longed charge/discharge cycles [114]. On the other hand, titanium di
oxide has a low volume expansion (3–4%) and moderate theoretical 
capacity (335 mAh g−1) [126,102]. Thus, α-Fe2O3/TiO2/C composite 
fibers prepared through CS were used as flexible binder-free anodes in 

Table 2 
Transition metal oxides used in the preparation of composite carbon fibers via centrifugal spinning for use as anodes in LIBs.  

Composite fiber 
anode material 

Polymer precursor(s), additive(s), and 
solvent(s) 

Spinning conditions Stabilization and carbonization Electrochemical performance at 
100 mA g−1 

Reference 

CuO/C [12 wt% PAN (15 wt% CuO)]/DMF 7,000 rpm Stabilized at 280 ◦C for 5 hrs and 
carbonized at 700 ◦C for 2 hrs 

~ 160 mAh g−1 after 100 cycles [119] 

MoO2/C [12 wt% PAN (50, 60, 70, and 80 wt%. 
MoO2)]/DMF 

6,800 rpm Stabilized at 280 ◦C for 5 hrs and 
carbonized at 700 ◦C for 2 hrs 

629, 575, 597, 710 mAh g−1 

during the first cycle, 
respectively. 

[120] 

Fe3O4/C [12 wt% PAN (15 wt% FeACAC)]/DMF 7,000 rpm Stabilized at 280 ◦C for 4 hrs and 
carbonized at 600 ◦C for 6 hrs 

300 mAh g−1 after 100 cycles [96] 

TiO2/C [15 wt% PVP (17:4 wt ratio Titanium/ 
PVP)]/[10:1 wt ratio ethanol/acetic 
acid 

7,000 rpm Stabilized at 280 ◦C for 5 hrs and 
carbonized at 550 ◦C for 5 hrs 

228.9 mAh g−1 after 100 cycles [102] 

TiO2/C (5 g PVP + 3 g TBOT)/[40 mL 
methanol] 

20,000 to 30,000 rpm 
(0.1 mm diameter 
aperture) 

20,000 to 30,000 rpm (0.1 mm 
diameter aperture) 

150 mAh g−1 after 200 cycles. [121] 

α Fe3O4/C  [28 wt% PVP (2 g Fe(NO3)39H2H)]/ 
H2O [12 wt% PAN]/DMF 

7000–7500 rpm PVP - Stabilization at 600 ◦C for 1 hr. 
PAN - Stabilized at 240 ◦C for 30 mins. 
and carbonized at 800 ◦C for 1 hr 

505 mAh g−1 after 100 cycles [122] 

α-Fe2O3/TiO2/C  [15 wt% PVP (1 g titanium (IV) 
butoxide, 1.5 g iron (III) 
acetylacetonate)]/ethanol/acetic acid 
(10:1) 

7000 rpm PVP – Stabilization at 200 C for 2 h 
carbonization at 550◦ C for 5 h. 

340 mAh g−1 after 100 cycles. [123] 

Fe3O4/Fe3C/C (5 g PVP + 3 g Fe(acac)3)/[40 mL 
methanol] 

20,000 to 30,000 rpm 
(0.1 mm diameter 
aperture) 

Dried at 60 ◦C for 12 h. 
Pre-oxidized at 300 ◦C for 2 h. 
carbonization at 600 ◦C for 2 h. 

400 mAh g−1 after 200 cycles. [121] 

Fe3O4/Fe3C/ 
TiO2/C 

5 g PVP + 3 g Fe(acac)3)/[/[40 mL 
methanol + 3 mL TBOT ] 

20,000 to 30,000 rpm 
(0.1 mm diameter 
aperture) 

Dried at 60 ◦C for 12 h. 
Pre-oxidized at 300 ◦C for 2 h. 
carbonization at 600 ◦C for 2 h. 

700 mAh g−1 after 400 cycles [121] 

NiO/C [12 wt% PAN (15% NiO)]/DMF 7,000 rpm Stabilized at 280 ◦C for 5 hrs and 
carbonized at 700 ◦C for 2 hrs 

~ 200 mAh g−1 after 100 cycles [119] 

SnO2/C [12 wt% PAN (15% SnO2)]/DMF 7,000 rpm Stabilized at 280 ◦C for 5 hrs and 
carbonized at 700 ◦C for 2 hrs 

211 mAh/g after 50 cycles [119] 

SnO2/NiO/C [12 wt% PAN (15% Sn 2-ethylhexa
noate, 10% Nickel (II) acetate 
tetrahydrate)]/DMF 

8000 rpm Stabilized at 280 ◦C for 5 hrs and 
carbonized at 800 ◦C for 2 hrs 

633 mAh/g after 100 cycles with 
a ten minutes rest between each 
discharge cycle. 

[112] 

ZnO/C [12 wt% PAN (15 wt% ZnO)]/DMF 7,000 rpm Stabilized at 280 ◦C for 5 hrs and 
carbonized at 700 ◦C for 2 hrs 

~ 235 mAh/g after 80 cycles [119]  
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Fig. 10. Charge/discharge and cycle performance graphs for a) 50%, b) 60%, c) 70%, and d) 80% active material (MoO2). After Valdez et al. [120] with permission.  

Fig. 11. Cycle performances for a) non-hollow and, b) hollow TiO2/C composite fibers. After Zuniga et al. [102] with permission.  
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LIBs with the intent to buffer the volumetric strain of α-Fe2O3 by adding 
TiO2, while simultaneously maintaining a high specific capacity of 
α-Fe2O3 [123]. Moreover, TiO2/C and α-Fe2O3/C composite-fiber elec
trodes were also prepared to compare their performance with that of the 
ternary α-Fe2O3/TiO2/C composite-fiber anode. After 100 cycles at 100 
mA g−1, the TiO2/C and α-Fe2O3/C composite-fiber anodes showed a 
specific capacity of 61 mAh g−1 and 121 mAh g−1, respectively. Under 
the same conditions, the α-Fe2O3/TiO2/carbon composite anodes 
showed a final capacity of 340 mAh g−1 [123]. Based on the cycle 
performance results shown in Fig. 12, one can identify the improved 
performance of the ternary α-Fe2O3/TiO2/C composite-fiber anode. This 
is expected since the superior structural stability upon cycling of TiO2 
and the higher capacity of Fe2O3 play their respective roles during the 
lithiation/delithiation processes. 

3.2.2.6. Fe3O4/Fe3C/TiO2/C. This complex composite material aims to 
achieve a high capacity with the addition of Fe3O4, leverage the catalytic 
conversion reaction of Fe3C to stabilize the passivation layer formation 
(SEI), and lower strain through the addition of TiO2 in the carbon fiber 
matrix. Fe3O4/Fe3C/TiO2/C composite CFs, termed FTC, were prepared 
and to compare their performance, Fe3O4/Fe3C/C composite fibers, 
termed FC, and TiO2/C composite fibers, termed as TC, were also 
fabricated using CS and the same heat treatment. These three composite 
CFs, however, were not used as binder-free working electrodes. They 
were prepared as slurries with proportions of 8:1:1 for active material: 
carbon black: PVDF using N-methyl-2-pyrrolidinome (NMP) as the sol
vent. By implementing slurry-based electrodes instead of the stand- 
alone composite fibers as the working electrodes, the authors were 
able to reduce the total thickness of the anode, which in turn reduced the 
SEI layer thickness, improved the conductivity of the anode with the 
addition of carbon black, and improved the mechanical properties (i.e., 
strength) with the introduction of the binder. All three working elec
trodes were tested at a current density of 100 mAh g−1 and their cycle 
performance results are shown in Fig. 13. It can be seen in Fig. 13 that 
the FTC anode outperforms the TC and FC electrodes. After 200 cycles, 
the FC and TC anodes delivered a discharge capacity of 383 mAh g−1 and 
140 mAh g−1, respectively [121]. In comparison, the FTC working 
electrode delivered 700 mAh g−1 after 200 cycles and slightly increased 
to 702 mAh g−1 after 400 cycles [121]. Moreover, the FTC anodes were 

also capable of delivering 130 mAh g−1 after 350 cycles at a current 
density of 1000 mA g−1. This prolonged life cycle and ability to deliver 
relatively high discharge capacities at high current densities can be 
attributed to the complex compound used to prepare the anode, the 
nanostructure of the fibers which facilitated electron pathways, and the 
addition of conductive agents such as carbon black. 

3.2.2.7. NiO/C. Nickel (II) oxide (NiO), in particular, is an attractive 
material because of its high theoretical capacity (718 mAh g−1). How
ever, NiO also faces challenges such as large volume change and low 
electronic conductivity [128,129]. As a transition-metal, Ni is inert to
wards Li [50]. However, Ni functions as a catalyst in the conversion of 
NiO into Ni nanoparticles and the conversion of Li into Li2O. The ability 
of oxygen to reversibly react with Li and Ni allows the anode to partially 
reverse the formation of the SEI layer and leads to relatively high 
reversible capacities [50]. Because of the catalytic reaction of Ni, NiO 
displays excellent reversible capacity, capacity retention, and excellent 
rate performance at specific NiO contents in composite carbon binder- 
free anodes [130,131]. For these reasons, centrifugally spun NiO/PAN 
fibers were prepared, calcinated, and used directly as binder-free anodes 
in Li-ion half-cells. Cycle performance tests were performed over a 
voltage window of 0.05 – 3.00 V and a current density of 100 mAh g−1 

[119]. The NiO/C composite-fiber anode delivered a capacity of 250 
mAh g−1 after 100 cycles at 100 mA g−1. After the formation of SEI in the 
first discharge cycle, a steady capacity fading was observed. This can be 
attributed to the formation of the solid interface electrolyte SEI caused 
by the high surface area of the NiO/C composite fibers. It can be deduced 
that the reversible decomposition of Li2O could not take place if the SEI 
layer separated the active material from incoming Li-ions. This issue 
could be solved by implementing a structure that increases pathways for 
ion transport between the SEI and the active material. For example, NiO 
nanoparticles have been also embedded in porous carbon fibers pre
pared by electrospinning and prepared into a slurry for LIB anodes. In 
that work, the NiO/C composite anode was capable of delivering 638 
mAh g−1 after 50 cycles at a current density of 40 mA g−1 [128]. 
Moreover, the NiO/C composite anode delivered a reversible capacity of 
696 mAh g−1 at 471 mA g−1, which was higher than that of commercial 
NiO [128]. These results further underscore the benefits of the porous 
structure that can play a central role in the electrochemical performance 

Fig. 12. Cycle performance for α-Fe2O3/TiO2/carbon, TiO2/C, and α-Fe2O3/C composite binder-free anodes at 100 mAg−1. After Zuniga et al. [123] with permission.  
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of metal oxide/C composite anodes. 

3.2.2.8. SnO2/C. Tin oxide is an alloying-based transition metal oxide 
material with a high theoretical capacity of (~992 mAh/g) [132]. SnO2/ 
C composite fibers have been recently fabricated by CS and subsequent 
heat treatment. After heat treatment, the SnO2/C composite fibers were 
directly used as an anode material in LIBs [119]. The SnO2/C composite- 
fiber anode delivered a specific capacity of 211 mAh g−1 after 50 cycles 
at 100 mA g−1 [119]. After the formation of the SEI layer, a relatively 
small capacity fading took place thereafter. This can be attributed to the 
early exhaustion of oxygen in the formation of LiO leading to the stable 
alloying dealloying reaction of Sn. 

3.2.2.9. SnO2/NiO/C. To achieve higher capacities and increase the 
reversible capacity, SnO2/NiO/C composite fibers were prepared via CS 
and subsequent heat treatment [112]. The SnO2/NiO/C composite fiber 
anodes were produced with a “hair-like” structure [112]. Besides, SnO2/ 
C composite fibers were fabricated to compare their performance with 

the ternary SnO2/NiO/C composite-fiber anode. The capacity of SnO2/C 
and SnO2/NiO/C composite electrodes, after 100 charge/discharge cy
cles at a current density of 100 mAh g−1, were 675 mA g−1 and 633 mA 
g−1, respectively [112]. The cycle performance of the control SnO2/C 
and SnO2/NiO/C composite anodes is shown in Fig. 14. In part, the 
higher capacity delivered by the SnO2/C can be attributed to its porous 
structure, whereas the SnO2/NiO/C composite fibers had a “hair-like” 
structure. Moreover, since a portion of the total active material in the 
solution was substituted by NiO instead of pure Sn, the overall capacity 
of the composite anode can be expected to be lower due to the lower 
theoretical capacity of NiO. Nonetheless, the addition of this metal oxide 
could prolong the battery life while maintaining a higher reversible 
capacity. This hypothesis could be corroborated if the anodes are cycled 
for a higher number of cycles. In Fig. 14, it can already be seen that the 
difference in specific capacities between the anodes is decreasing as the 
cycles increase. 

3.2.2.10. ZnO/C. Despite its low cost, high abundance, and moderate 

Fig. 13. Cycle performance for the FC, TC, and FTC working electrodes at a 100 mA g−1 current density. After Lyu et al. [121] with permission.  

Fig. 14. Cycle performance for PAN-based CFs, of SnO2/C, and SnO2/NiO/C. After Agubra et al. [112] with permission.  
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specific capacity (410 mAh g−1), large volume changes have negatively 
impacted the electrochemical performance of ZnO [133]. Nonetheless, 
this material is capable of reversibly forming Li2O, which can be related 
to its post-transition metal oxide properties [133,134]. Although early in 
its research development, there has been a study on centrifugally spun 
ZnO CFs. Results obtained on Li-ion half-cells showed that the Zn/O 
composite-fiber anode delivered a capacity of ~225 mAh g−1 at a cur
rent density of 100 mAh g−1 within a voltage window of 0.05 and 3.0 V 
[119]. The results show a capacity fading with increasing cycle number 
caused by the volume change of the ZnO/C composite anode. Moreover, 
a high loss in capacity at the first cycle was observed, which is in 
agreement with prior results [135]. In a similar work, porous ternary 
NiO/ZnO/C composite fibers were prepared by electrospinning and 
subsequent heat treatment. These binder-free anodes showed a signifi
cant improvement in a specific capacity of 949 mAh g−1 at a current rate 
of 200 mA g−1 after 120 cycles and 707 mAh g−1 at a current density of 
3200 mA g−1 [134]. Thus, these electrospun anodes were able to deliver 
high specific capacities at high current densities. Fast charge/discharge 
rates are particularly sought by the EV market, and the anode is one of 
the main bottlenecks due to the anodes sluggish lithiation/delithiation 
kinematics [135]. The implementation of ternary composite anodes 
including ZnO and a porous structure of CS fibers remains to be inves
tigated. This is a potential opportunity to achieve a high production rate 
of binder-free anodes capable of delivering high specific capacities at 
high current rates. 

3.2.3. Carbon/metal-sulfides composites 
There are only two metal sulfide materials utilized in the production 

of composite carbon fibers via centrifugal spinning for battery applica
tions. Table 3 contains the materials discussed in the following 
subsections. 

3.2.3.1. MoS2/C. Molybdenum disulfide (MoS2) is a good alternative 
anode material for LIBs due to its high theoretical capacity of 670 mAh 
g−1 and layered structure, similar to that of graphite, that can host a high 
number of Li ions. [137]. Moreover, the chemical structure of MoS2 (S- 
Mo-S) is kept together by weaker van der Waals forces which facilitate 
the intercalation and diffusion of Li ions from the MoS2 structure 
[138,139]. Nevertheless, MoS2 faces intrinsic challenges such as struc
tural degradation due to large strains, which lead to capacity fading 
[140]. One characteristic of MoS2 is that it undergoes an intercalation 
mechanism followed by a conversion reaction (Li2S) upon lithiation, 
similar to that of some metal oxides [139]. Reactions (4) and (5) 
represent the intercalation reaction (plateau at ~ 1.1 V vs Li+/Li) and 
conversion reaction (plateau at ~ 0.5 V vs Li+/Li), respectively [139]. 

MoS2 + xLi+ + xe−→LixMoS2 (4)  

LixMoS2 + (4 − x)Li+ + (4 − x)e−→Li2S + Mo (5) 

Nonetheless, the conversion reaction in MoS2 is not yet fully un
derstood and different interpretations of this process have been reported 
[139]. Moreover, unlike metal oxides, the conversion reaction between 
this metal sulfide and compounds in the SEI is not partially reversible 
[139]. MoS2/C composite fibers were prepared by centrifugal spinning 
and used as anode material for LIBs. The precursor solution was pre
pared by homogenizing 80 wt% MoS2 in a 12 wt% PAN/DMF solution. 

These anodes delivered a specific capacity of 335 mAh g−1 after 100 
cycles at a current density of 100 mA g−1 [120]. Multiple MoS2 nano
structures such as nanosheets, nanoflakes, and nanowires have been 
implemented in the development of binder-free composite anodes via 
electrospinning. Similar experiments still need to explore the use of CS 
to compare the electrochemical performance of centrifugal spun com
posite fibers to their electrospun counterpart. 

3.2.3.2. TiS2/C. Titanium sulfide has been typically used as a cathode 
material in LIBs and as an anode in SIBs [141,142]. However, if used as 
an anode material in LIBs, TiS2 can exhibit excellent cycling stability, 
high electronic/ionic conductivity, and a moderate theoretical capacity 
of 240 mAh g−1 [141,143]. Although TiS2 has a relatively low theoret
ical capacity, its high conductivity can enhance the electrochemical 
performance in ternary composite materials when subjected to higher 
current rates [144]. TiS2/C fibers have been prepared via CS for use as 
anodes in LIBs. The composite fibers were prepared by spinning a 12 wt 
% PAN in DMF and 30 wt% TiS2 nanoparticle suspension followed by a 
carbonization process. Nevertheless, during the heat treatment, the TiS2 
nanoparticles turned into TiO2 nanoparticles with a 2-D layered struc
ture after the oxidation process in air of the TiS2/PAN precursor fibers 
before carbonization. The TiO2/C composite fibers were used directly as 
anodes in Li-ion half cells and tested under a constant current density of 
50 and 100 mAg−1. It was observed that ~50% of the capacity of the 
TiO2/C composite anode was lost after the first cycle due to the for
mation of the SEI layer. Fig. 15 A shows the charge/discharge curves of 
the TiO2/C composite fibers at a constant current density of 100 mAg−1, 
over a potential range of 0.01–3 V. After 100 cycles at 100 mA g−1, the 
TiO2/C composite-fiber anode delivered a specific charge capacity of 
~260 mAh g−1 [136,25]. The TiO2/C composite fibers were also tested 
at a 50 mA g−1 current density. Fig. 15 B shows the Coulombic efficiency 
and cycle performance of the TiO2/C fiber-anode over 100 cycles at a 
current density of 100 mAg−1. The results show a final specific capacity 
of 260 mAhg−1 after 100 cycles. The subsequent cycles show excellent 
stability and a high efficiency of ~ 99% as can be seen in Fig. 15B [25]. 

3.2.4. Discussion on composite carbon fibers for LIBs 
Centrifugal spinning (CS) is an alternative manufacturing approach 

being explored to increase the production rate of composite fibers (CFs) 
and improve the safety of LIBs manufacturing. Multiple nanostructures 
such as nanoparticles, quantum dots, nanorods, and nanosheets have 
been integrated into electrospun composite CFs, since this has been the 
most commonly adopted method used in laboratory research. Therefore, 
it is not surprising to find better results on electrospun composite CFs so 
far. However, there is plenty of room in CS for the implementation of 
active materials with different nanostructure configurations. In most 
cases, the capacity of the electrospun anodes is higher due to their 
smaller average diameter. However, future refined implementation of 
centrifugal spinning to fabricate fibers could help optimize the surface 
area of fibers and, in turn, improve the performance of the centrifugally 
spun fibers to match and exceed the performance of the more widely 
implemented electrospun fibers. For example, the electrochemical per
formance of centrifugally spun binder-free anodes can be improved by 
the fabrication of fibers via architecture structures (porous and hollow 
fibers) with high surface area or implementing ternary materials. These 
approaches can not only be implemented for LIB electrodes but also for 

Table 3 
Transition metal sulfides used in the preparation of composite carbon fibers via centrifugal spinning for used as anodes in LIBs.  

Composite Fiber 
Anode Material 

Polymer Precursor(s), 
Additive(s), and Solvent(s) 

Spinning 
Conditions 

Stabilization and Carbonization Electrochemical Performance Reference 

MoS2/C [12 wt% PAN (80 wt% 
MoS2)]/DMF 

- Not Specified Stabilized at 155 ◦C for 75 mins then Stabilized at 
280 ◦C for 75 mins and carbonized at 810 ◦C for 1 hr 

250 mAh g−1 after 100 cycles 
(tested at 100 mA g−1) 

[120] 

TiS2/C [12 wt% PAN (wt.% 
TiS2)]/DMF 

Not Specified Stabilized at 280 ◦C for 5 hrs and carbonized at 800 ◦C 
for 2 hrs 

250 mAh g−1 after 100 cycles 
(tested at 50 mA g−1) 

[136,25]  
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SIB electrodes. Hence, the following section is focused on the electro
chemical performance of CS fibers for SIBs. 

3.3. Centrifugally spun composite fibers for SIBs 

Due to the increasing demand for electronic devices, EVs, and large 
scale-stationary energy storage, the relatively deficient amounts of 
lithium reserves could fail to satisfy the demand for future applications. 
Hence, alternative materials such as sodium have become a major 
competitor to lithium due to high natural abundance and low cost [145]. 
Therefore, research to develop compatible materials for SIBs has seen 
increasing interest over recent years [145,146,147]. One of the major 
challenges is the larger ion size. Na+ has an ion radius of 0.98 Å 
compared to the smaller Li+ radius of 0.69 Å [148]. Consequently, Na- 
ions are less able to intercalate/alloy into the host material. SIBs with 
a graphitic anode exhibit low capacities of ~35 mAh g−1 due to the 
sluggish intercalation of Na+ into graphite [149]. CFs prepared by 
centrifugal spinning and subsequent thermal treatment have been pre
pared with the objective to alter the structure of the CFs and improve 
intercalation kinetics between Na+ and carbon. The produced CFs were 
used as anodes in Na-ion half-cells and delivered a reversible capacity of 
88 mAh g−1 after 100 cycles [99]. Even after modifying the structure of 
the CFs to favor Na+ intercalation, the carbon-fiber anode delivered less 
than half the capacity of centrifugally spun CF anode for LIBs. In fact, the 
smaller ion size of Li+ was the key parameter that stimulated a higher 
interest in LIBs when both materials were initially proposed [146]. 
Among the efforts to overcome the challenges that SIBs face, centrifu
gally spun composite fibers have been developed for use as anodes in 
SIBs. 

3.3.1. Alloying based materials 
There are limited available results on the use of alloying based ma

terials as precursors for centrifugally spun composite-fiber anodes in 
SIBs. The material composition, additives, heat treatments, and the 
electrochemical performance of these composite-fiber anodes are listed 
in Table 4. 

3.3.1.1. SnSb/C. Antimony and tin-based anode materials suffer from a 
large volume change after prolonged charge/discharge cycles. None
theless, their high abundance, low toxicity, and high theoretical capacity 
as a binary alloy (750 mAh g−1) make SbSn a good candidate for SIB 
anodes [152]. Although Sn and Sb both suffer from a large volume 
expansion, the SnSb compound is more malleable and its plasticity en
ables the active material to accommodate more Li+ and reduce the 
volume expansion/contraction during charge/discharge cycles [152]. 
Thus, an SnSb alloy was embedded in a carbon matrix to form centrif
ugally spun SnSb/C composite microfibers (CMF). These composite fi
bers were carbon-coated to maintain structural stability during cycling 
[107]. Moreover, two solutions were prepared with (SnO2/Sb2O5)/PAN 
ratios of 1:2 and 1:1 denoted as SnSb@CMF-2 and SnSb@CMF-1, 
respectively [150]. The SnSb@CMF-2 fibers were then carbon-coated 
and denoted SnSb@CMF-2@C. The SnSb@CMF-1, SnSb@CMF-2, and 
SnSb@CMF-2@C delivered specific discharge capacities of 359, 345, 
and 781 mAh g−1, respectively, after 50 cycles at a current density of 
100 mA g−1 [150]. Fig. 16a and b show the cycle performance and 
coulombic efficiency for the control and the three composite-fiber an
odes. Based on the results, one can easily observe that the effect of 
carbon coating buffers the volume changes in the SnSb@CMF-2@C and 
helps maintain a high capacity after 100 cycles. Even though a better 

Fig. 15. A) Galvanostatic charge/discharge curves for the TiO2/C composite-fibers electrode showing the voltage vs specific capacity plots for the 1st, 10th, 25th, 
50th, and 100th cycles at current density of 100 mAg−1 within a voltage window of 0.05–3.0 V. B) Cycle performance of TiO2/C composite electrode at 100 mAg−1 

for 100 cycles. After Lopez et al. [25] with permission. 

Table 4 
Alloying based materials used in the preparation of composite carbon fibers via centrifugal spinning for used as anodes in SIBs.  

Composite Fiber 
Anode Material 

Polymer Precursor(s), Additive(s), and Solvent 
(s) 

Spinning 
Conditions 

Stabilization and Carbonization Electrochemical 
Performance at 100 mA g1 

Reference 

SnSb/C [15 wt% PAN (50 wt% SnO2/Sb2O5)]/DMF Not Specified Stabilized at 250 ◦C for 2.5 hrs and 
carbonized at 700 ◦C for 2 hrs 

359 mAh g1 after 50 cycles [150] 

SnSb/C [15 wt% PAN (100% SnO2/Sb2O5)]/DMF Not Specified Stabilized at 250 ◦C for 2.5 hrs and 
carbonized at 700 ◦C for 2 hrs 

345 mAh g1 after 50 cycles [150] 

SnSb/C [15 wt% PAN (100% SnO2/Sb2O5)]/DMF 
(Carbon Coated) 

Not Specified Stabilized at 250 ◦C for 2.5 hrs and 
carbonized at 700 ◦C for 2 hrs 

781 mAh g1 after 50 cycles [150] 

SnSb/rGO [13 wt% PAN (1:1: 2 wt ratio Sn(CH3COO)/Sb 
(CH3COO)3/PAN)]/DMF (Carbon Coated) 

4000 rpm Stabilized at 280 ◦C for 2.5 hrs and 
carbonized at 700 ◦C for 1 hrs 

324.5 mAh g−1 after 200 
cycles 

[151]  
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dispersion of SnSb nanoparticles and constant capacity (~200 mAh g−1) 
was observed in the SnSb@CMF-1, its capacity was ultimately lower 
than the SnSb@CMF-2@C composite-fiber anodes due to the lower 
active material loading in the carbon-fiber matrix. On the other hand, 
the higher active material loading in the SnSb@CMF-2 composite-fiber 
anode exposed more active material to the lithiation process, but it also 
formed agglomerations of SbSn nanoparticles in the carbon fiber matrix 
that led to higher capacities accompanied by volume changes that 
eventually lead to the collapse of the electrode. Hence, the carbon 
coating on the SnSb@CMF-2 helped confine the SnSb nanoparticles on 
the surface of the fibers as a conductive matrix which allowed a volume 
expansion during cycling [150]. 

In a similar study, SnSb@reduced graphene oxide@carbon micro
fibers (SnSb@rGO@CMF) were centrifugally spun. The addition of rGO 
is expected to improve the performance of these SIB anodes due to their 
superior chemical stability, electrical conductivity, and high specific 
area [151]. Similar conditions were used while preparing the 
SnSb@rGO@CMF and SnSb@CMFs with the rGO as the only variant. 
After 200 cycles at a galvanostatic 50 mAh g−1 current density, the 
SnS@CMFs showed a capacity of 289.8 mAh g−1 while the Sn/rGO/ 
CMFs showed a capacity of 324.5 mAh g−1 [151]. The electrochemical 

results of these batteries are shown in Fig. 17a and b. The introduction of 
reduced graphene oxide helped attain a larger reversible capacity after 
200 cycles due to the increased conductivity of the anodes, which 
improved the transport of Na+. 

3.3.2. Carbon/metal-oxide composites 
Only two metal oxide materials have been used in the preparation of 

composite-fiber anodes via CS for SIBs. Also, multiple material compo
sitions, additives, or further treatments were involved. A concise list of 
this material configuration and their electrochemical performance re
sults are collected in Table 5. 

3.3.2.1. SnO2/C. SnO2 is a metal oxide based on the alloying/deal
loying reaction mechanism. Thus, in the reactions taking place on the 
electrode, Na2O is formed as an inactive byproduct followed by the 
alloying/dealloying process between Na and Sn. The irreversible con
version reactions that form Na2O take place during the first cycle (for
mation cycle) and can deliver a theoretical capacity of 710 mAh g−1 (Eq. 
(6) and (7)) [155]. Once these byproducts have formed, the reversible 
alloying reaction shown in Eq. (8) takes place. 

Fig. 16. a) Cycle performance and b) coulombic efficiencies plots for centrifugally spun SnSb@CMF-1, SnSb@CMF-2, SnSb@CMF-2@C composite-fibers, and 
carbon-fiber anodes. After Jia et al. [150] with permission. 

Fig. 17. a) Cycle performance and b) coulombic efficiency for CMFs, SnSb/CMFs, and SnSb/rGO/CMFs. After Jia et al. [151] with permission.  
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SnO2 + 2Na+ + 2e−→SnO + Na2O (6)  

SnO + 2Na+ + 2e−→Sn + Na2O (7)  

Sn + xNa+ + xe− ↔ NaxSn(0 ≤ x ≤ 3.75) (8) 

Thus, Sn can accommodate up to 3.75Na+ which in turn leads to a 
large volume expansion (<400%) [155]. Nonetheless, the large abun
dance, long cycle life, and high theoretical capacity during the alloying/ 
dealloying process of Sn (667 mAh g−1) are some of the reasons why 
SnO2 has gained much interest for SIB applications [119,105,155]. 
Several research efforts have focused on employing CS to prepare 
composite SnO2/C composite fibers as anode materials for SIB. SnO2/C 
composite-fiber anodes were prepared by CS and subsequent heat 
treatment for use as anodes in Na-ion half cells. The SnO2/C composite 
anode delivered a specific capacity of 198 mAh g−1 after 50 cycles at a 
current density of 100 mA g−1 over a voltage window between 0.05 and 
2.5 V [119]. After the formation of the SEI layer during the first cycle, 
the cycle performance remained constant for the following 50 cycles. In 
a different study, SnO2/C composite fibers were also prepared by CS and 
subsequent thermal treatment. The SnO2/C composite-fiber anodes 
were tested at a constant current density and their performance was 
compared to that of the SnO2 electrode. The results in Fig. 18 show that 
after 30 cycles at a current density of 20 mAg−1, the specific discharge 
capacity of SnO2/C composite-fiber anode and SnO2 electrode were 216 
mAh g−1 and 158 mAh g−1, respectively [153]. Similarly, Fig. 19 shows 
that after 50 cycles at a current density of 640mAg−1, the specific 
discharge capacity of SnO2/C composite fibers and SnO2 electrodes were 
158 mAh g−1 and 36 mAh g−1, respectively [153]. 

In a further study, the authors investigated the electrochemical 
performance of centrifugally spun SnO2/C composite anodes with and 
without a carbon vapor deposition (CVD) treatment [154]. Four anodes 
were prepared, which consisted of non-CVD treated SnO2/C composite 
microfibers, and CVD-treated SnO2/C composite microfibers for 30, 60, 

and 90 min [154]. Fig. 20 shows the specific discharge capacities for all 
four composite anodes after 30 cycles at a 40 mA g−1 current density 
which delivered 71, 111, 158, and 147 mAh g−1, respectively [154]. 
Moreover, the SnO2 composite fibers, treated with CVD and non-treated, 
were also tested at 640 mA g−1 and delivered specific discharge ca
pacities of 39, 99, 86, and 100 mAh g−1 after 60 cycles, respectively 
[154]. Fig. 21 shows the cycle performance of all four anodes at a cur
rent density of 640 mA g−1. A common pattern observed at both current 
rates is that the 90 min CVD treated fibers suffered the least capacity 
fading. On the other hand, the non-CVD treated anodes delivered the 
lowest discharge capacities using both current densities. At 40 mA g−1, 
the non-CVD treated anodes showed an incremental specific discharge 
capacity, but they suffered from a sharp loss in capacity at around the 
10th cycle. This can be attributed to the large volume change of Sn, 
which led to the pulverization of the anode and crumbling of the active 
material. At 640 mA g−1, the non-CVD treated anodes did not show an 
increase or loss in capacity. This could be attributed to the fast rate of 
lithiation which overwhelmed the anode’s ability to alloy with Na ions. 
On the other hand, the CVD-treated composite fibers were capable to 
perform better at higher current rates due to the increased conductivity 
and structural support of the CVD layer. 

3.3.2.2. MoO2/C. MoO2, like many other materials, suffers from a 
substantial volume change during charge/discharge cycles. However, 
MoO2 has gained attention as an anode material for SIBs because it is 
among some of the pseudocapacitive materials which can successfully 
improve the rate capability of SIBs [156]. Centrifugally spun MoO2/C 
composite fibers were prepared and used as anode materials in Na-ion 
half-cells. The charge/discharge profiles and cycling performance re
sults are shown in Fig. 22a and b, respectively. The MoO2/C composite- 
fiber anode delivered a capacity of ~130 mAh g−1 after 100 cycles at 
100 m Ag1. A capacity recovery after the second cycle was observed 
[120]. This stability in capacity after the second cycle could be 

Table 5 
Transition metal oxides used in the preparation of composite fibers via centrifugal spinning for use as anodes in SIBs.  

Composite fiber 
anode material 

Polymer Precursor(s), 
Additive(s), and Solvent(s) 

Spinning 
Conditions 

Stabilization and Carbonization Electrochemical Performance Reference 

SnO2/C [12 wt% PAN (15 wt% 
SnO2)]/DMF 

7,000 rpm Stabilized at 280 ◦C for 5 hrs and 
carbonized at 700 ◦C for 2 hrs 

198 mAh g1 after 50 cycles (Tested at 100 
mA g1) 

[119] 

SnO2/C Not Specified Not Specified Oxidized at 500 ◦C for 3 hrs 158 mAh g1 after 50 cycles (tested at 640 
mA g1) 

[153] 

SnO2/C & SnO2/C 
CVD treated 

[13 wt% PAN (40 wt% 
SnCl2)]/DMF 

4000 rpm Oxidized at 500 ◦C for 3 hrs CVD for 30 
60 and 90 mins. 

71, 111, 158, 147 mAh g−1 after 30 cycles 
(tested at 40 mA g−1) 

[154] 

SnO2/C & SnO2/C 
CVD treated 

[13 wt% PAN (40 wt% 
SnCl2)]/DMF 

4000 rpm Oxidized at 500 ◦C for 3 hrs CVD for 30 
60 and 90 mins. 

39, 99, 86, 100 mAh g−1 after 50 cycles 
(tested at 640 mAh g1) 

[154] 

MoO2/C [12 wt% PAN (80 wt%. 
MoO2)]/DMF 

6,800 rpm Stabilized at 280 ◦C for 5 hrs and 
carbonized at 700 ◦C for 2 hrs 

~130 mAh g−1 after 100 cycles (tested at 
100 mA g1) 

[120]  

Fig. 18. Cycle performance for SnO2/C composite-fiber anodes and SnO2 electrodes at a 20 mAg−1 current density. After Lu et al. [153] with permission.  
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attributed to the fast stabilization of the volume expansions and the 
improved conductivity of the composite fibers by the addition of MoO2. 

3.3.3. Discussions on composite carbon fibers for SIBs 
Compared to LIB anodes, there is more room for innovation in SIBs 

since not as many materials or fiber structures have been investigated. In 
this text, only three materials were discussed, SnO2, MoO2, and SnSb. 
The centrifugally spun SnO2/C composite anodes delivered a specific 
capacity of 198 mAh g−1 after 50 cycles at 100 mAg−1 [119]. Besides 

centrifugally spun fibers, electrospun SnO2/C composite-fiber anodes 
have exhibited higher capacities in part due to the nature of the pro
cessing method. For example, partially reduced SnO2 nanoparticles were 
embedded in carbon fibers followed by carbon coating and thermal 
reduction processes [157]. After 50 cycles at a current density of 100 
mA g−1, the SnO2/C composite-fiber electrode delivered a high specific 
capacity of 536 mAh g−1 at 100 mA g−1 [157]. This comparison illus
trates how further fiber treatments could improve the performance of 
not only the electrospun fibers but also the centrifugally spun fibers as 

Fig. 19. Cycle performance for SnO2/C composite-fiber anodes and SnO2 electrodes at a 640 mAg−1 current density. After Lu et al. [153] with permission.  

Fig. 20. Cycle performance for non-CVD, 30, 60, and 90 mins CVD-treated SnO2/C composite anodes.at a 40 mAg−1 current density. After Lu et al. [154] 
with permission. 

Fig. 21. Cycle performance for non-CVD, 30, 60, and 90 mins CVD-treated SnO2/C composite anodes.at a 640 mAg−1 current density. After Lu et al. with permission 
[154] with permission. 
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well. Another comparison is the use of sulfur-doped MoO2/C composite 
electrospun fibers as anodes for SIBs. The sulfur doping process can 
improve the electronic conductivity of the carbon matrix, which in turn 
increases the intercalation of active material with Na+ [158]. Lastly, as 
mentioned in the previous section, centrifugally spun SnSb/C 
composite-fiber anodes yielded a capacity of 345 mAh g−1 after 50 cy
cles at a current density of 100 mA g−1 [150]. Similar experiments have 
been conducted by the electrospinning and subsequent thermal treat
ment. In this study, SnCl2 and SbCl3 were used as precursors of the SnSb 
alloy. Also, TEOS was included in the solution as the silica precursor. All 
these precursors were homogenized in a PVP/DMF solution from which 
electrospun porous SnSb/SiO2/C CFs were obtained [159]. The incor
poration of silica in the carbon matrix helped to buffer the volume 
change and maintained the structural integrity of the fibers [159]. The 
SnSb/SiO2/C composite fiber anode exhibited a high specific capacity of 
660 mAh g−1 at a galvanostatic current density of 200 mA g−1 after 100 
cycles [159]. As one can observe for the SnSb binder-free anodes, the 
addition of TEOS resulted in a significant improvement in the electro
chemical performance of electrospun composite fibers. Nevertheless, the 
centrifugal spinning method offers a much higher production rate than 
electrospinning, which could enable these material improvement steps 
to be adopted by the industry for the large production rate of composite 
fibers for LIBs and SIBs. 

It is worthwhile to mention here that most of electrochemical per
formance experiments reported in this work (Tables 1 to 5) on centrif
ugally spun composite-fiber anodes for LIBs and SIBs were performed at 
≤ 100 cycles. It is common in electrochemical research to show the cycle 
performance of Li-ion and Na-ion half cells for 100 cycles, so that the 
effect of the SEI formation and volume change can be observed during 
the first few cycles. The active material in composite-fiber anodes that 
provoke a large volume expansion/contraction during cycling can lead 
to a sudden irreversible capacity and capacity fading due to pulveriza
tion of the fiber structure or crumbling of the SEI layer. Such cases would 
be found in anodes with an alloying reaction mechanism (i.e., Si, Sn, 
SnO2, Sb) and/or some metal oxides. Thus, for these cases, the capacity 
before anode collapse or capacity fading due to the large volume change 
is usually observed in the first 1–100 cycles (presumably between 50 and 
100 cycles) and sometimes in the first few cycles. For example, low 
capacity anode materials such as graphite (with a theoretical capacity of 
370 mAg−1) can show a stable capacity after 10 cycles, therefore there is 
no need to show the capacity of carbon-based anodes for at higher cycle 
numbers > 50 cycles since the volume change is small compared to, for 
example, Si or Sn-based anodes. For active materials with a high-volume 
change, there will always be a loss in capacity during the first few cycles 
caused by the SEI formation and volume change. In some cases, such as 

for the results shown in Fig. 13, the anode shows an increased capacity 
with increasing cycle number, which is due to the fact that the active 
material gets more access to the electrolyte upon cycling. This phe
nomenon can be considered as an activation process due to the aggre
gation of the nanoparticles/particles (active material) in the fiber matrix 
and after a few cycles, the aggregated nanoparticles pulverize into 
smaller clusters as a result of the volume change of the anode, leading to 
the exposure of more active material (nanoparticles/particles) to the 
electrolyte, thus resulting in increased capacity [160–162,121]. In this 
case, it is important to show the cycling stability of the anode at higher 
cycle numbers as it is observed in Fig. 13 where the authors show the 
cycle performance of the composite-fiber anodes up to 400 cycles where 
the anode shows a stable capacity after about 300 cycles [121]. For 
example, if the anode shows a cycle stability after 50 cycles, this means 
that there is no need to do the experiments at (>100 cycles). Keeping in 
mind that performing the charge/discharge experiments at high cycle 
numbers is time consuming especially at slow charge/discharge rates. 

4. Conclusions 

The centrifugal spinning and subsequent heat treatment of polymer 
composite precursors can result in composite fibers-with improved 
electrochemical performance for use as anode materials in LIBs and SIBs. 
The improved performance of centrifugally spun composite fibers is 
attributed to the high surface-to-volume ratio of the fibers and the 
elimination of the use of binders or conductive additives during the 
preparation of the electrode. Compared to electrospinning, centrifugal 
spinning can produce tens of grams of micro/nanofibers per hour. Thus, 
this method could potentially fulfill the production rate demand at an 
industrial scale. Based on the advantages of the centrifugal spinning 
over electrospinning, it was concluded that with centrifugal spinning 
systems, a higher fiber yield rate, safer, and less expensive production 
process can be achieved. Hence, a shift in popularity from electro
spinning to centrifugal spinning could be seen in the future. Further
more, hybrid versions that combine centrifugal spinning and 
electrospinning are emerging [163]. The main objective of this hybrid 
system is to increase fiber production through centrifugal spinning while 
improving the distribution and orientation of conductive fillers. Namely, 
this new approach is called centrifugal electrospinning and it is in its 
rudimentary stages [163]. However, with the current centrifugal spin
ning capabilities, fibers with different morphology and structures, 
including but not limited to carbon fibers and composite carbon fibers, 
have been recently used as electrode materials for LIBs and SIBs. Based 
on the results and discussions on the production of composite fibers for 
LIBs and SIBs presented in this work, it can be concluded that centrifugal 

Fig. 22. a) Charge/discharge and b) cycle performance of MoO2/C composite anode in half-cell SIBs. After Valdez et al. [120] with permission.  
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spinning opens a new approach to manufacture anodes at a large in
dustrial scale and a wide window of opportunity for innovation still 
open for those looking to implement this technology in future 
applications. 
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