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A B S T R A C T   

Electrospinning is a remarkably versatile and cost-effective technique known for its simplicity and flexibility in 
manufacturing porous fibers with an expansive surface area. This technique's flexibility enables the creation of 
nanofibers with diverse structures and scaffolds. These nanofibers are sometimes subjected to heat treatments 
before being applied. Their unique characteristics render them exceptionally suitable for integration into energy 
storage systems. In the realm of energy storage systems like batteries, a pressing demand exists for alternatives 
beyond lithium-ion batteries. Multivalent batteries, such as Al-ion, Mg-ion, Zn-ion, and Ca-ion batteries, thanks 
to their advantageous characteristics, represent a suitable choice. Due to their porous nature, electrospun fibers 
facilitate ion transfer, enhance charge/discharge processes, and improve battery kinetics. In this paper, we will 
examine into how electrospun fibers are used in multivalent battery cathodes and unveil the extra advantages 
they offer to these battery systems. Finally, a comprehensive evaluation will be conducted to assess this tech-
nique's both the advantages and challenges. Prospects for high-capacity batteries, specifically calcium-ion bat-
teries, will also be considered.   

1. Introduction 

As the development of renewable energy sources such as solar and 
wind energy progresses rapidly, the demand for affordable, safe, and 
cyclically stable energy storage batteries grows [1–5]. While lithium-ion 
batteries offer high energy density, long lifespan, broad operating tem-
perature ranges, and low self-discharge rates [1,3,6–8], their limited 
lithium reserves, uneven distribution, and high cost pose challenges 
[1,8,9]. Therefore, there is a need to explore alternative electrochemical 
energy storage technologies that utilize abundant natural elements with 
properties similar to lithium [1,6], such as Magnesium, Zinc, Calcium, 
and Aluminum. Abundant in the Earth's crust, these elements contribute 
to the production of cost-effective batteries. Their multivalency and 
ability to transfer 2 or 3 electrons in redox reactions result in a higher 
energy density. Additionally, characteristics such as extended lifespan 
and enhanced safety have generated significant interest in electro-
chemical energy storage systems [3,4,6,9–15]. However, a significant 
challenge arises from the intricate electrostatic interactions among 
multivalent ions. These interactions have several adverse effects, such as 
impeding solid-state diffusion kinetics [14,16–18], delaying ion diffu-
sion [4,9,19], inducing polarization within the host environment, and 

potentially compromising the rate capability of these battery systems. 
Consequently, a significant hurdle in advancing multivalent battery 
technology lies in identifying electrode materials capable of reversibly 
efficiently inserting and extracting multivalent cations [20]. This quest 
is vital for maintaining optimal charge-discharge efficiency and ensuring 
long-term cycle life [21] while addressing the issue of pronounced po-
larization caused by polyvalent ions [22]. Notably, the cathode emerges 
as a critical component, holding the potential to alleviate many of these 
challenges and significantly influencing the performance of multivalent 
metal-ion batteries [14]. The electrospinning technique offers a viable 
solution for addressing the challenges associated with multivalent bat-
tery cathodes. 

Electrospinning is highly advantageous, scalable, and cost-effective 
method for producing remarkably fine polymer fibers with high sur-
face area, exceptional mechanical attributes, and conductivity. It has 
diverse uses across a range of industries, including biotechnology 
[23–28], filtration membranes [29–31], catalysis [32–34], and energy 
storage systems [35–43]. Electrospun mats have captured considerable 
interest in the field of energy storage systems like batteries due to their 
unique characteristics, such as a porous structure, short ion diffusion 
path, and a large surface area. Consequently, numerous researchers have 
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been drawn to explore the manifold possibilities of utilizing these mats 
in various battery components, including electrodes [44–46], electro-
lytes [47–49], and separators [49]. 

Electrospinning is a method used to produce fibers in a range of nano 
to micro, involving three main components: such as a syringe with a 
metal needle, a high-voltage power supply, and a conductive collector, 
as schematically shown in Fig. 1. Electrostatic repulsion overcomes the 
surface tension of the solution, leading to the formation of a conical drop 
known as the Taylor cone at the tip of the needle. This effect creates of a 
charged fine jet propelling the polymer solution toward the collector. 
The interaction between the electric field and the solution's surface 
tension causes the jet to stretch and undergo whipping motions, leading 
to solvent evaporation and continuous jet elongation into a long, thin 
fiber. The fibers then solidify, forming a uniform fiber mat. The prop-
erties of electrospun nanofibers are influenced by a range of parameters, 
with these factors playing a crucial role in determining the morphology 
and diameter of the fibers during the electrospinning process:  

• Solution parameters: These include the solution's concentration or 
viscosity, the molecular weight of the polymers used, surface tension, 
and electrical conductivity.  

• Process parameters: These encompass the feeding rate, applied 
voltage, distance between the syringe and collector, and needle 
diameter.  

• Ambient conditions: Factors like temperature and the environment 
also play a role [50–55]. 

So, the application of versatile electrospinning techniques shows 
great promise in enhancing the reliability of cathodes in multivalent 

batteries. This review exclusively focuses on research conducted from 
2019 to 2023, emphasizing the potential of electrospun cathodes in 
multivalent batteries and highlighting their unique performance. The 
primary emphasis is on addressing challenges such as low ion diffusion 
kinetics, specific capacity, and cyclability. Through the analysis of 
electrospun fiber architecture, it unveils crucial insights into their 
structural and morphological features, essential for comprehending 
their behavior in battery applications. Moreover, the work surpasses 
conventional approaches by integrating advanced characterization 
techniques, including electron microscopy and spectroscopy. This inte-
gration allows the authors to offer a comprehensive review of the 
physical and chemical properties of fibers. By elucidating the intricate 
interplay between fiber structure and electrochemical performance, the 
research not only contributes to the fundamental understanding of 
electrospun fibers but also pioneers their application in next-generation 
energy storage systems, thereby making significant strides in the field. 
The assessment begins with an analysis of metal sulfides and extends to 
metal nitrides, metal selenides, and metal oxides. Through this 
comprehensive exploration, the authors aim to shed light on the broader 
landscape of electrospun cathodes, paving the way for advancements in 
energy storage technologies. 

2. Application of electrospun cathodes in multivalent batteries 

2.1. Metalsulfides 

2.1.1. Molybdenum (IV) sulfide (MoS2) 
Energy storage systems, especially batteries, require high- 

performance materials. MoS2 is widely embraced due to its features, 
such as electronic properties and a layered structure, which facilitate the 
incorporation of external substances with relative ease, alongside its 
impressive capacity [56–59]. However, MoS2 faces challenges such as 
poor electrical conductivity and structural instability. Incorporating 
MoS2 within a carbon framework has proven to be a viable solution to 
overcome these limitations. This composite structure provides excellent 
stability and optimizes the cyclability of charge and discharge by facil-
itating easier ion and electron transfer. In a study conducted in 2019, 
Yang et al. [57] successfully employed MoS2 as a cathode material in 
aluminum-ion batteries. To enhance performance and address re-
strictions, as schematically illustrated in Fig. 2A(a), researchers syn-
thesized a binder-free cathode named MoS2@CNFs, based on MoS2 and 
carbon nanofibers (CNFs). They achieved this synthesis using electro-
spinning and annealing techniques, effectively preventing unwanted 
reactions between the electrolyte and the cathode. These fabricated fi-
bers display uniformity and continuity, featuring a 3D porous structure 
as depicted in Fig. 2A(b, c). The battery cell combined the MoS2@CNFs 
cathode, aluminum foil anode, and [EMIm]Cl + AlCl3 electrolyte. The 
initial discharge capacity at 100 mA g− 1 was 293.2 mAh g− 1, slightly 
decreasing to 126.6 mAh g− 1 after 200 cycles. These findings underscore 
the exceptional cyclability and capacity of MoS2@CNFs-based 
aluminum-ion batteries, attributed to their meticulously crafted and 
unique structure. Furthermore, the outstanding electrochemical per-
formance of MoS2@CNFs in these batteries, along with the intercalation 
and deintercalation of Al3+ ions during charge and discharge cycles 
between the layers of MoS2, has been identified through ex situ XRD 
(Fig. 2A(d)) and XPS analysis (Fig. 2A(e)). Incorporating MoS2 within a 
carbon framework addresses the challenges of poor electrical conduc-
tivity and structural instability. It enhances the overall performance of 
aluminum-ion batteries, making them a promising candidate for next- 
generation energy storage systems [57]. 

Fig. 1. Application of electrospinning technique and a schematic of funda-
mental electrospinning setup. 

B. Zare and S.K. Sadrnezhaad                                                                                                                                                                                                               



Journal of Energy Storage 82 (2024) 110514

3

2.1.2. Cobalt (II) sulfide (CoS2) 
Cobalt sulfides stand out for their electrical and catalytic properties, 

substantial surface area, and impressive theoretical capacity, rendering 
them promising for battery and supercapacitor applications [60–64]. In 
a significant development in 2021, Zhuang et al. [60] explored using of 
CoS2 as a cathode material in aluminum-ion batteries. A CoS2@CNF 
nanostructure was synthesized via electrospinning and annealing to 
create a binder-free cathode. Its performance was compared to a con-
ventional CoS2 cathode with a binder. Based on Fig. 2B(a, b), the uni-
form distribution and small particle size of CoS2 particles on the carbon 
matrix reduce ion diffusion distance. The composite nanofibers used as a 
cathode form a 3D electron conductive transport network with high 
specific surface area, simplifying ion diffusion, enabling efficient elec-
trochemical reactions, and enhancing electrolyte penetration. The bat-
tery cell consisted of a CoS2@CNFs cathode, a high-purity aluminum foil 
anode, and [EMIm]Cl + AlCl3 electrolyte. Fig. 2B(c) depicts that the 
CoS2@CNFs cathode exhibited superior cycling stability and rate ca-
pacity compared to the conventional CoS2 cathode, maintaining a spe-
cific capacity of 82 mAh g− 1 after 400 cycles at a current density of 200 
mA g− 1. In contrast, the conventional CoS2 cathode retained a specific 
capacity of 55 mAh g− 1 under the same conditions. This improved 
performance of the CoS2@CNFs cathode can be attributed to the absence 
of a binder, which prevents electrolyte-binder reactions. Additionally, as 
revealed in Fig. 2B(d), Brunauer–Emmett–Teller (BET) analysis and N2 
adsorption/desorption isotherms were employed to elucidate the pore 

structures of CoS2 and CoS2@CNFs. The specific surface areas of pure 
CoS2 and CoS2@CNFs were determined to be 13.42 and 123.63 m2 g− 1, 
respectively. Clearly, the composites exhibited a significantly larger 
specific surface area. To further discern the distribution of pore sizes, 
Barrett-Joyner-Halenda (BJH) method was conducted. In addition to the 
positive aspects of these cathodes, a challenge arises in the reduced 
capacity during the initial cycles. This decrease may be attributed to the 
formation of a solid electrolyte interphase (SEI), potentially resulting 
from excessive contact between the electrode and electrolyte. Further-
more, when compared to the electrode in the charging phase, the elec-
trode in the discharge phase exhibits a more pronounced peak for Al 2p, 
as revealed by ex situ XPS analysis. Additionally, EDS mapping results 
show a weaker signal in the discharge phase, highlighting the persistent 
presence of Al3+ concentration. These phenomena can be traced back to 
the irreversible insertion of Al species [60]. 

2.1.3. Nickel disulfide (NiS2) 
NiS2 showcases noteworthy features, including beneficial electrical 

conductivity, anion redox capability, high theoretical capacity, and 
abundant resources [65,66]. Consequently, utilizing NiS2 as a cathode 
material in aluminum-ion batteries is an effective strategy for enhancing 
reliable cycling durability and reversible capacity. In a recent research 
study performed by Li et al. [65] in 2022, a cathode electrode known as 
NiS2/SC@SCNF (NiS2/S-doped carbon@S-doped carbon nanofiber) was 
developed using a multi-step process involving electrospinning, 

Fig. 2. A. Illustration of the MoS2@CNFs; a) Schematic of the MoS2@CNFs fabrication process; b) SEM image of MoS2@CNFs; c) TEM image of MoS2@CNFs; d) Ex 
situ XRD patterns of the MoS2/CNFs cathode; e) XPS data of the Al 2p peak of the MoS2/CNFs cathode: pristine, fully charged (1.8 V), and fully discharged (0.2 V); 
Adapted with permission. [57] Copyright 2019, American Chemical Society. B. Illustration of the CoS2@CNFs; a–b) SEM image of CoS2@CNFs; c) Cycling perfor-
mance of typical cathode as N-CoS2 and binder-free cathode as F-CoS2@CNFs-C at 200 mA g− 1; d) Nitrogen adsorption-desorption isotherms of bare CoS2 and 
CoS2@CNFs; Adapted with permission. [60] Copyright 2021, Elsevier. 

B. Zare and S.K. Sadrnezhaad                                                                                                                                                                                                               



Journal of Energy Storage 82 (2024) 110514

4

pyrolysis, and sulfidation. As represented in Fig. 3A(a), it resulted in the 
formation of a 3D electrical conductivity network of SCNF, facilitating 
efficient electron transfer, optimizing the NiS2/SC conductivity, and 
preventing the dissolution of polysulfide ions in the electrolyte and their 
subsequent reactions. As a result, NiS2/SC@SCNF exhibits improved 
electrochemical performance and exceptional cyclability. A cathode 
comprising NiS2/SC@SCNF, an anode made of metallic aluminum, and 
an electrolyte of [EMIm]Cl + AlCl3 were integrated to constructing a 
battery cell. This battery demonstrates a consistent capacity of 82 mAh 
g− 1 at a current density of 200 mA g− 1 after 100 cycles and 76 mAh g− 1 

at 500 mA g− 1 after 500 cycles (Fig. 3A(b)), highlighting the promising 
potential of NiS2-based cathodes in aluminum-ion batteries [65]. 

2.1.4. Selenium sulfide (SexSy) 
Selenium-sulfur (Se–S) cathodes demonstrate outstanding electro-

chemical performance due to selenium's high electrical conductivity and 
sulfur's high capacity [67–70]. Elements such as selenium and sulfur are 

utilized to enhance the capabilities of aluminum-ion batteries because of 
their high theoretical capacity and energy density. In 2022, Li et al. [67] 
developed Se–S nanofibers and a multichannel carbon structure known 
as Se2.9S5.1@MCNF with the electrospinning technique and calcination, 
as shown in Fig. 3B(a). The Se2.9S5.1@MCNF cathode maintains its 
structural integrity even after long-term cycles and, being binder-free, 
prevents cathode-electrolyte reactions. As depicted in Fig. 3B(b, c), N2 
adsorption/desorption isotherms, porosity parameters, specific surface 
area, and pore size distribution of Se2.9S5.1@MCNF and MCNF were 
analysed. BET specific surface area of Se2.9S5.1@MCNF (10.06 m2 g− 1) 
was observed to be lower compared to the MCNF host (39.27 m2 g− 1). 
This suggests that a significant portion of Se2.9S5.1 molecules success-
fully integrated into the MCNF structure, and the XRD pattern and 
characteristic peaks reveal the uniform distribution of Se2.9S5.1 within 
the MCNF host. Additionally, Se2.9S5.1@MCNF exhibited mesopores of 
2.32 nm (2.34 nm for MCNF), which can effectively facilitate electrolyte 
accessibility. The multichannel network (Fig. 3B(d)) provides 

Fig. 3. A. Illustration of the NiS2/SC@SCNF; SEM images of a) NiS2/SC@SCNF; b) Long-cycling performance of NiS2/SC@SCNF material at 500 mA g− 1; Adapted 
with permission. [65] Copyright 2022, Elsevier. B. Illustration of the Se2.9S5.1@MCNF; a) Schematic the synthesis of Se2.9S5.1@MCNF; The N2 adsorption-desorption 
isotherms and the associated pore size distribution curve for b) Se2.9S5.1@MCNF and c) pristine MCNF; d) FE-SEM images of Se2.9S5.1@MCNF; Adapted with 
permission. [67] Copyright 2022, Wiley-VCH GmbH. 
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mechanical support and stable conductivity, enhancing electron and ion 
diffusion rates while minimizing solubility and volume expansion. A 
battery cell was assembled by combining a cathode composed of 
Se2.9S5.1@MCNF, an anode made of high-purity aluminum foil, and an 
electrolyte comprising [EMIm]Cl + AlCl3. In contrast to other electrodes 
(SeS@MCNF and SeS2@MCNF), which exhibit a limited specific ca-
pacity of 100 mAh g− 1 under a current density of 50 mA g− 1, the 
Se2.9S5.1@MCNF electrode demonstrates a discharge capacity of up to 
606 mAh g− 1 under the same current density. It maintains a capacity of 
187 mAh g− 1 at 500 mA g− 1 even after 3000 cycles. These results 
highlight its strong stability attributed to the optimized selenium/sulfur 
ratio and advanced multichannel structure [67]. 

2.2. Metal nitrides 

2.2.1. Vanadium nitride (VN) 
Vanadium-based materials, characterized by diverse oxidation 

states, compositions, and structures, have demonstrated notable attri-
butes, such as prolonged cyclability and high reversible capacity 
[71–73]. Nonetheless, their electrical conductivity is often limited, and 
they suffer from an unstable structure [71,74]. To surmount these 
challenges, Zhang et al. [71], in 2022, investigated the potential of va-
nadium nitride (VN) owing to its exceptional electrical and ionic con-
ductivity [71,75], making it a promising candidate for battery 
applications. Their pioneering approach involved fabrication 3D carbon 
nanofiber composites enriched with nitrogen, known as VN/N-CNF. 
These composites have a specific surface area of 37.2 m2 g− 1 and a 
pore size distribution in the range of 1–10 nm. They serve as a binder- 
free cathode material in zinc-ion batteries. This achievement was 
accomplished through the synergistic employment of electrospinning 
and thermal treatment techniques, as schematically illustrated in Fig. 4 
(a). Electrospinning facilitated the construction of a flexible and intact 
3D framework for VN/N-CNF (Fig. 4(b, c)). At the same time, incorpo-
rating nanofibers as a conductive matrix improved electrical conduc-
tivity. Additionally, this distinctive architecture effectively mitigated 
vanadium dissolution and minimized direct contact with the electrolyte, 
improving stability. The battery configuration consisted of the VN/N- 
CNF cathode, a zinc plate as the anode, and Zn(CF3SO3)2 as the elec-
trolyte. As outlined in Fig. 4(d), the battery exhibited outstanding 
cyclability, maintaining a reversible capacity of 482 mAh g− 1 out of a 

maximum capacity of 50,000 mA g− 1 after 30,000 charge-discharge 
cycles. Furthermore, it demonstrated an exceptional capability with a 
discharge capacity of 297 mAh g− 1 at an extremely high rate of 100,000 
mA g− 1. These results highlight the impressive performance of the VN/ 
N-CNF composite as a cathode material, showcasing its potential for 
future battery applications [71]. 

2.3. Metal selenides 

2.3.1. Molybdenum diselenide (MoSe2) 
MoSe2 has a layered structure and a substantial surface area, 

allowing for ion's rapid movement. Moreover, it boasts a high theoretical 
capacity. These inherent attributes have made it a valuable choice for 
battery systems [76–79]. However, inherent issues with layered transi-
tion metal dichalcogenides (TMDs), such as weak conductivity and 
volume fluctuations during the charge/discharge process, contribute to 
insufficient longevity and limited cyclability. To address these chal-
lenges, MoSe2 is often combined with a conductive substrate, such as 
carbon material [80]. In a noteworthy study executed in 2020 by Yang 
et al. [81], a cathode for aluminum-ion batteries was synthesized using a 
combination of electrospinning, annealing, and hydrothermal reaction 
processes, yielding the formation of N-doped carbon nanofibers and 
MoSe2 as MoSe2@NCNFs. The resulting aluminum-ion battery config-
uration comprised a MoSe2@NCNF cathode, a high-purity Al foil as the 
anode, and [EMIm]Cl + AlCl3 as the electrolyte. By incorporating 
NCNFs into the composite architecture, a 3D matrix endowed with 
exceptional conductivity and flexibility was achieved (Fig. 5A(a)), 
facilitating the efficient transport of ions and electrons. In addition, the 
introduction of nitrogen doping profoundly augmented the electrical 
conductivity of carbon nanofibers. As shown in Fig. 5A(b), The 
MoSe2@NCNF composite demonstrated an impressive initial discharge 
capacity of 296.3 mAh g− 1 at a current density of 100 mA g− 1. 
Remarkably, even after 200 charge/discharge cycles, the composite 
maintained a sustained discharge capacity of 169.9 mAh g− 1 with 
negligible fading. The intercalation and deintercalation processes of 
Al3+ ions in the interlayer of the MoSe2 network during charge and 
discharge, respectively, have also been investigated. This is outlined in 
Fig. 5A(c) using ex situ XRD. In some cases, the reason for not returning 
to the initial state is the trapping of Al3+ ions in the MoSe2 lattice due to 
the presence of the solid electrolyte interface (SEI). These findings 

Fig. 4. Illustration of the VN/N-CNF; a) Schematic illustration of the synthesis of VN/N-CNF; b, c) Low-magnification and high-magnification FESEM images of VN/ 
N-CNFs, respectively; d) Long-term cycling performance of VN/N-CNFs at 50000 mA g− 1; Adapted with permission. [71] Copyright 2022, Wiley-VCH GmbH. 
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underscore the compelling potential of the MoSe2@NCNF composite as 
a binder-free cathode material for aluminum-ion batteries, character-
ized by outstanding electrochemical performance, superior rate capa-
bility, high specific capacity, and exceptional cyclic stability [81]. 

2.3.2. Copper (II) selenide (CuSe) 
CuSe has notable characteristics in battery research, including sub-

stantial specific capacity, long-term stability, and economic viability, as 
evidenced by numerous studies [82–86]. To further enhance the elec-
trochemical performance of CuSe, combining its properties with carbon 
materials emerges as a wise strategy [87]. On the other hand, carbon- 
based cathodes, featuring ample pore dimensions and an expansive 
surface area, exhibited favorable characteristics that enhance ion 
transport and long-term cycling stability [88]. In 2023, Zhang et al. [88] 
pioneered the development of a cathode for aluminum-ion batteries. 
They employed a Cu1.8Se carbon nanofiber composite, synthesized 
through electrospinning and high-temperature (600 ◦C, 800 ◦C, 
1000 ◦C) selenization processes. As revealed in Fig. 5B(a), the resulting 
3D-structured, binder-free cathode facilitates ion diffusion and enables 
efficient electron transmission, ultimately leading to an increased spe-
cific capacity for the material. The battery configuration included a pure 
Al foil as the anode and the Cu1.8Se carbon nanofiber composite as the 
cathode. After 5000 cycles, the researchers reported a specific discharge 
capacity of approximately 152 mAh g− 1 at a current density of 2000 mA 
g− 1. Apart from electrochemical tests, XPS, BET, and X-ray diffraction 
were also conducted. XPS was employed to investigate the cathode 
mechanism during the charge and discharge of the electrochemical re-
action (Fig. 5B(b)). BET results provided valuable insights into Cu1.8Se- 
1000, revealing an average pore size of approximately 0.85 nm and a 
specific surface area of 139.12 m2 g− 1. This composition features the 
smallest grain size and a high specific surface area, significantly 
enhancing its electrochemical performance. XRD analysis demonstrated 
the highest crystallinity for Cu1.8Se-1000, indicating a notable propor-
tion of crystalline areas and the smallest grain size. These tests under-
score the importance of improving the connection between materials 

and the electrolyte, facilitating the intercalation/deintercalation of ions 
and providing more sites for redox reactions. Generally, the battery 
exhibited notable electrochemical performance, highlighting the po-
tential of exploring cathodes comprising mediator metals and selenide- 
based materials as a novel research direction [88]. 

2.4. Metal oxides 

2.4.1. Manganese oxides 
Manganese oxides have numerous advantages, such as low toxicity, 

cost-effectiveness, diverse crystal structures, and high energy density, 
making them promising candidates for battery applications. However, 
their weak electrical conductivity, manganese dissolution tendency, and 
low structural stability result in poor capacity and subpar electro-
chemical performance [89–95]. To address these challenges, coating the 
manganese oxides with carbon-based materials can effectively prevent 
structural disintegration, leading to improved electrochemical perfor-
mance [91]. 

2.4.1.1. Manganese (II,III) oxide (Mn3O4). In a research study con-
ducted in 2020 by Long et al. [89], they incorporated manganese (II, III) 
oxide (Mn3O4) nanoparticles into hollow carbon fibers, resulting in the 
formation of Mn3O4@HCFs (Fig. 6A(a)). These composite materials 
served as the cathode in Zinc-ion batteries. While Mn3O4 boasts an 
attractive theoretical capacity and high theoretical voltage, it faces 
challenges, including poor electrical conductivity, limited cyclability, 
and reduced discharge capacity caused by volume fluctuations [96–98]. 
Various conductive materials were incorporated to address these issues 
and enhance electrical conductivity. Co-axial electrospinning and 
carbonization techniques were used to synthesize Mn3O4@HCFs. Car-
bon nanofibers have become prominent in electrode materials due to 
their ability to enhance ion and electron transport, excellent electrical 
conductivity, and a large specific surface area, as demonstrated in 
Fig. 6A(b) by the BET test. For instance, Mn3O4@HCFs-7.5 exhibits a 
specific surface area of 37.85 m2 g− 1. Furthermore, the carbon shell 

Fig. 5. A. Illustration of the MoS2@CNFs; SEM images of a) MoSe2@NCNF; b) Long-term cycling stability test at a current density of 100 mA g− 1 for pure MoSe2 and 
MoSe2@NCNF; c) Ex-XRD patterns of the MoSe2@NCNF cathode at various charge and discharge states; Adapted with permission. [81] Copyright 2020, Springer- 
Verlag GmbH Germany, part of Springer Nature. B. Illustration of the Cu1.8Se carbon nanofiber composite; a) SEM images of Cu-based fibers; b) XPS pattern of 
Cu1.8Se-1000 (The selenization temperature is 1000 ◦C) (Al 2p) during charge/discharge process; Adapted with permission. [88] Copyright 2023, Elsevier. 
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minimizes the dissolution of the manganese structure during charge/ 
discharge cycling within this cathode. The Zn-ion battery was assembled 
using zinc foil as the anode, Mn3O4@HCFs as the cathode, and ZnSO4 +

MnSO4 as the electrolyte. The battery demonstrated remarkable capa-
bilities by utilizing porous HCFs to enhance cyclability and specific ca-
pacity, and with the core-shell structure of Mn3O4@HCFs featuring 
numerous gaps leading to outstanding electrochemical performance. 
The experimental results demonstrated discharge capacities of 215.8 
mAh g− 1 and 115.7 mAh g− 1 at a current density of 300 mA g− 1 and 
2000 mA g− 1, respectively. The battery exhibited impressive cycling 
stability at 400 mA g− 1 after 1300 cycles, as shown in Fig. 6A(c). 

Consequently, this research showcases a stable and cost-effective solu-
tion for energy storage systems [89]. 

2.4.1.2. Manganese (II) oxide (MnO). In 2020, Tang et al. [90] 
researched to develop a cathode material for Zn-ion batteries. This 
research involved the synthesizing a MnO@N-C composite through 
electrospinning and a two-step annealing process. The incorporation of 
carbon in MnO@N-C composite not only enhances electrical conduc-
tivity but also significantly improves its electrochemical performance. 
As shown in Fig. 6B(a, b), the composite structure evenly distributed 

Fig. 6. A. Illustration of the Mn3O4@HCFs; a) FESEM image of the Mn3O4@HCFs-7.5 (7.5 is the percentage of PAN in electrospinning solution); b) Nitrogen 
adsorption/desorption isotherms of the Mn3O4@HCFs-7.5; c) Cycling performance and Coulombic efficiency of Mn3O4@HCFs-7.5 electrode at 400 mA g− 1; Adapted 
with permission. [89] Copyright 2020, Elsevier. B. Illustration of the MnO@N-C; SEM image of a) the precursor and b) MnO@N-C-500 (The annealing temperature is 
500 ◦C); Adapted with permission. [90] Copyright 2020, Elsevier. C. Illustration of the MnOx-CNFs; a) N2 adsorption-desorption isotherms of MnOx-CNFs and MnOx- 
aC; b) The pore size distribution of MnOx-CNFs and MnOx-aC; Adapted with permission. [91] Copyright 2022, American Chemical Society. D. Illustration of the 
Mn2O3@CNFs; a) Cycling stability of F-500 (The annealing temperature is 500 ◦C) at a rate of 200 mA g− 1; Adapted with permission. [92] Copyright 2022, Elsevier. 
E. Illustration of the MgMn2O4; Typical initial galvanostatic charge-discharge curves of MgMn2O4; (I) and (II) before electrospinning, (III) and (IV) after electro-
spinning; Adapted with permission. [99] Copyright, Taylor & Francis. 
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MnO nanoparticles within a porous carbon matrix, facilitating ion 
diffusion. This arrangement increases the surface area of MnO, ulti-
mately enhancing the rate capability even under high current densities. 
Moreover, ex situ XRD analysis was conducted, revealing no structural 
collapse of manganese (Mn) during the energy storage process. A battery 
was constructed with zinc foil employed as the anode, MnO@N-C as the 
cathode, and ZnSO4 as the electrolyte to evaluate the potential of the 
MnO@N-C composite. Reversibly, the battery exhibited a capacity of 
176.3 mAh g− 1 under a current density of 500 mA g− 1 after undergoing 
200 cycles. The MnO@N-C composite's positive cyclability performance 
and superior rate capability underscore its potential for extensive utili-
zation in battery technology. Furthermore, although this cathode 
showed some degree of self-discharge, it offers an appealing combina-
tion of affordability and environmental compatibility, making it an 
attractive choice for various battery systems [90]. 

2.4.1.3. Manganese (x) oxide (MnOx). In a 2022 study, Ding et al. [91] 
successfully synthesized manganese oxide coated with carbon nano-
fibers (MnOx-CNFs) using the electrospinning technique. The binder- 
free cathode, composed of one-dimensional CNFs, exhibited excep-
tional electrical conductivity and superior electrochemical kinetics 
compared to other carbon matrices. The porous structure of MnOx-CNFs 
was investigated using N2 adsorption/desorption isotherms. The results 
reveal a predominantly mesoporous structure with a specific surface 
area of 108.1 m2 g− 1. For comparison, based on the depiction in Fig. 6C 
(a, b), MnOx-aC (MnOx and an amorphous carbon composite, MnOx-aC, 
without CNFs coating) was also analysed and exhibited a specific surface 
area of 16.3 m2 g− 1. Therefore, the MnOx-CNFs possess a significantly 
larger specific surface area and mesoporous structure, which can facil-
itate effective electrolyte diffusion and accommodate volume expansion 
during the charge/discharge process. Additionally, this carbon coating 
prevents manganese dissolution, enhances load transfer, and shortens 
ion and electrode diffusion pathways. The assembled battery consisted 
of a zinc foil anode, the MnOx-CNFs cathode, and a ZnSO4 + MnSO4 
electrolyte. Remarkably, this battery demonstrated a high specific ca-
pacity of 220 mAh g− 1 at a current density of 1000 mA g− 1. 

Moreover, it exhibited excellent cyclability, with a remarkable 71 % 
capacity retention at 3000 mA g− 1 after 5000 cycles. The remarkable 
rate performance and cyclability exhibited by MnOx-CNFs outperformed 
the majority of Mn-based cathodes, establishing them as exceptional 
materials for Zn-ion batteries. This advancement paved the way for 
developing Zn-ion batteries with significantly increased capacity, and 
extending their cycle life, making them ideal for energy storage systems 
[91]. 

2.4.1.4. Manganese (III) oxide (Mn2O3). Among Manganese-based ox-
ides, Mn2O3 stands out, despite its subpar cycling performance and 
inevitable volume fluctuations. Nonetheless, it offers a more straight-
forward synthesis process and boasts a superior specific theoretical ca-
pacity compared to MnO2 and Mn3O4. In 2022, Cheng et al. performed a 
study [92] that delved deeper into this topic. They fabricated a 3D 
Mn2O3 nanofiber using electrospinning and annealing. This nanofiber 
was purposefully designed as a cathode for Zn-ion batteries. The battery 
assembly included Mn2O3 as the cathode, high-purity zinc foil as the 
anode, and a hydrogel electrolyte. The cycling performance with a 
current density of 200 mA g− 1 in the Mn2O3 cathodes is depicted in 
Fig. 6D. Impressively, after subjecting the battery to 1000 cycles, it 
achieved an outstanding capacity of 104 mAh g− 1 at a rate of 2000 mA 
g− 1. Notably, electrospinning offers several advantages, including 
improved cathode-electrolyte contact, enhanced electrical conductivity 
due to the presence of carbon, and minimized volume fluctuations 
during charge and discharge processes, ensuring stable cycling. As a 
result, this underscores the significant potential of Mn2O3@CNFs [92]. 

2.4.1.5. Magnesium manganese oxide (MgMn2O4). In 2022, Harudin 

et al. [99] undertook a research study to synthesize MgMn2O4 as a 
cathode material tailored for Mg-ion batteries. They utilized self- 
propagating combustion and electrospinning techniques in this pro-
cess. Due to the small size of the nanoparticles and their ability to 
facilitate ion intercalation and deintercalation during the charge and 
discharge processes, the resulting composite demonstrates excellent 
structural stability even after multiple cycles, consequently prolonging 
its cycling lifespan. Furthermore, incorporating electrospinning features 
enhances several aspects, including performance in capacity rate, 
discharge capacity, kinetic ion and electron diffusion, and electrical 
conductivity. They constructed a battery configuration using Mg metal 
as the anode, MgMn2O4 as the cathode, and Mg(CF3SO3)2 + EC + DME 
as the electrolyte. Notably, compared the cathode without electro-
spinning, this configuration exhibits a discharge capacity that is five 
times higher. As depicted in Fig. 6E, the electrospun MgMn2O4 cathode 
demonstrates impressive charge and discharge capacities of 396 and 295 
mAh g− 1, respectively. These results indicate the outstanding ability of 
the cathode, post-electrospinning, to store and release electrical energy 
efficiently [99]. 

2.4.2. Vanadium oxides 
Vanadium oxide materials exhibit flexibility in chemical composi-

tion, structure, and morphology. They provide significant promise due 
to their impressive attributes, such as high theoretical specific capacity, 
elevated operating voltage, and remarkable energy density [100–104], 
rendering them highly suitable for energy storage applications. None-
theless, they encounter challenges, such as low kinetic conductivity and 
substantial fluctuations in intercalation and de-intercalation 
[100,105–108]. It is suggested to use a carbon structure in conjunc-
tion with vanadium-based materials to enhance the kinetics of ion 
transport and mitigate volume changes [107]. 

Here, we provide an overview of several studies between 2019 and 
2022 in which researchers have achieved significant progress in devel-
oping advanced cathode materials for Zn-ion batteries using electro-
spinning and heat treatment techniques. 

2.4.2.1. Vanadium (V) oxide (V2O5). Wang et al. [109] synthesized a 
core-shell hierarchical hybrid fiber encapsulating V2O5 nanoparticles 
using electrospinning and calcination. This approach aimed to create a 
binder-free cathode for Zn-ion batteries, schematically illustrated in 
Fig. 7A(a). The unique core-shell hierarchical structure consists of a 
hollow central shell with a one-dimensional (1D) structure and an 
interior carbon network. This design facilitates efficient ion and electron 
transfer while minimizing ion diffusion paths. The researchers assem-
bled the battery with a Zn nanosheet/CNT anode, the hybrid fiber 
cathode, and the polymer electrolyte. This hybrid fiber configuration 
markedly improved battery performance and kinetics, resulting in a 
capacity of 409 mAh g− 1 at a current density of 8000 mA g− 1, and 
maintaining a columbic efficiency of 100 % after 2000 cycles. Also, by 
using the XRD pattern, structural changes can be observed as favorable 
reversible results for the insertion/extraction of Zn2+ ions in charge/ 
discharge processes, indicating good cycling performance. 

Additionally, Chen et al. [110] successfully synthesized V2O5 porous 
nanofibers (Fig. 7B(a)) via electrospinning and calcination techniques 
for use in Zn-ion batteries. With the use of ex situ XRD results, it is 
observed that they show reversible structural evolution and high sta-
bility of these cathodes. Additionally, BET measured the specific surface 
area at approximately 27.08 m2 g− 1, and BJH revealed a pore size dis-
tribution of about 4 nm (Fig. 7B(b)). Therefore, these findings collec-
tively demonstrate a mesoporous, stable structure that facilitates 
electrolyte diffusion and the insertion of Zn2+ ions. They configured the 
battery with Zn foil as the anode, V2O5 nanofibers as the cathode, and Zn 
(CF3SO3)2 as the electrolyte. According to the Fig. 7B(c), this V2O5 
porous nanofiber exhibited a reversible capacity of 319 mAh g− 1 at a 
current density of 20 mA g− 1, retaining 81 % of their initial capacity 
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after 500 cycles, making them a promising choice for cathode materials. 
Chen et al. [111] synthesized vanadium oxide nanofibers known as 

VCN. These nanofibers exhibited physical and chemical defects, along 
with a 3D porous structure, using the electrospinning and pyrolysis 
techniques, as presented in Fig. 7C(a). This fabrication method resulted 
in a hierarchical framework (Fig. 7C(b)) and a stable structure during 
the charge/discharge process. The physical defects, such as tiny tunnels, 
underground hollows, micropores, or cracks, can reduce the ion diffu-
sion pathway, improve electrolyte accessibility, accelerate reaction ki-
netics, and increase electrical conductivity. 

As well as, the intertwined fibrous arrangement prevents the self- 
clumping of active vanadium oxides, maintaining their structural 
integrity and ultimately improving the specific capacity of the VCN 
cathode. For the battery assembly, zinc foil served as the anode, VCN as 
the cathode, and ZnSO4 as the electrolyte. The VCN cathode exhibited a 
specific capacity of 177 mAh g− 1 at a current density of 1000 mA g− 1 

and maintained 111 mAh g− 1 after 100 cycles. Additionally, it demon-
strated a specific capacity of 256 mAh g− 1 at 1000 mA g− 1 and retained 
83 % of its capacity after 1000 cycles at 5000 mA g− 1, showcasing the 
high electrochemical performance of the VCN cathode for practical 
applications. 

Yoo et al. [112] investigated Fe-doped V2O5 nanorods as cathode 
materials for Zn-ion batteries. As depicted in Fig. 8A(a, b), these nano-
rods were fabricated using electrospinning and annealing techniques to 
adopt a nanorod structure. The battery was assembled with zinc metal as 
the anode, a V2O5-based cathode, and Zn(CF3SO3)2 as the electrolyte. 
These cathodes exhibited specific capacities of 422 mAh g− 1 at a current 

density of 500 mA g− 1, and 256 mAh g− 1 at 2000 mA g− 1 while retaining 
85 % of cycling stability after 160 cycles at a current density of 1300 mA 
g− 1. This performance highlights their improved electrical conductivity, 
interaction with the electrolyte, and reduced ion diffusion path. As is 
evident from the results of analyses such as XRD and XPS, the 
outstanding improvements can be attributed to both Fe doping and the 
electrospun structure. This makes Fe-doped V2O5 nanorods a promising 
candidate for the next generation of energy storage devices. 

In another study conducted by Yoo et al. [113], V2O5 nanochips with 
interface defects were developed by incorporating combusted graphene 
through electrospinning and annealing (Fig. 8B(a, b)). The resulting 
cathode exhibited enhanced electrochemical kinetics, reduced ion 
diffusion distance, improved electrical conductivity, and excellent 
cyclability. The battery with Zn metal as the anode, a V2O5-based 
cathode, and Zn(CF3SO3)2 electrolyte demonstrated an impressive 74.6 
% specific capacity retention after 300 cycles, achieving a value of 293.5 
mAh g− 1 at a current density of 1300 mA g− 1. 

In another investigation, Xu et al. [114] synthesized V2O5@CFC, a 
binder-free V2O5 carbon fiber cloth, using electrospinning and high- 
temperature calcination. According to the BET results, V2O5@CFC ex-
hibits a mesoporous structure (Fig. 8C(a)) with a specific surface area of 
143.6 m2 g− 1. This characteristic is beneficial for enhancing charge 
migration and solution wetting. They assembled the battery with pure 
Zn foil as the anode, V2O5@CFC as the cathode, and ZnSO4 + MnSO4 as 
the electrolyte. Based on Fig. 8C(b), this configuration showed a specific 
capacity of 132 mAh g− 1 at a current density of 1000 mA g− 1 and 
exhibited good cyclability with a capacity of 154 mAh g− 1 at 500 mA g− 1 

Fig. 7. A. Illustration of the Core-Shell hierarchical structured hybrid fibers; a) Schematic illustration of the synthesis process of the Core-Shell Hierarchical 
Structured Hybrid Fibers; b) TEM image of the hybrid fibers with V2O5; c) SEM images of the hybrid fibers with V2O5; Adapted with permission. [109] Copyright 
2019, American Chemical Society. B. Illustration of the V2O5 nanofibers; a) SEM image of as-prepared V2O5 nanofibers; b) BJH plots of the pore size distribution of 
V2O5 nanofibers; Adapted with permission. [110] Copyright 2019, Elsevier. C. Illustration of the hierarchical porous VCN fibers; a) fibers preparation process; b) SEM 
image of VCN fibers; Adapted with permission. [111] Copyright 2020, Elsevier. 
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after 1000 cycles. The 3D carbon nanofiber structure displayed excellent 
flexibility, high electrical conductivity (alongside the carbon structure, 
nitrogen doping plays a crucial role in achieving high conductivity), 
minimal volume fluctuation (owing to the mesoporous structure and the 
presence of carbon), and improved kinetic reaction. 

One notable study, performed by Volkov et al. [115], successfully 
synthesized vanadium pentoxide nanofibers, through sol-gel electro-
spinning and subsequent heat treatment in an air atmosphere. Incor-
porating nanostructured active materials into the electrodes increased 

battery capacity and stability. Furthermore, the increased availability of 
specific surface area particles in V2O5 led to a corresponding boost in 
specific capacity. The battery, composed of a Zn foil anode, electrospun 
nanofiber V2O5 cathode, and ZnSO4 electrolyte, demonstrated an 
impressive specific capacity of 357 mAh g− 1 at 50 mA g− 1. It maintained 
remarkable electrochemical performance even after 500 cycles, reach-
ing more than the initial value by about 101 %. However, this capacity 
only amounted to 36 % of the maximum value. This discrepancy could 
be attributed to the presence of trapped Zn2+ ions, leading to a reduction 

Fig. 8. A. Illustration of the Fe-doped V2O5 nanorods; a) Schematic illustration of the specific growth of rod-shaped Fe-doped V2O5; b) SEM images of bare V2O5; 
Adapted with permission 2021. [112] Copyright, Elsevier. B. Illustration of the V2O5 nanochips with interface defects; a) Mechanism of formation of interface- 
defective V2O5 nanochips (1G-V2O5-x); b) FESEM images of 1G-V2O5-x; Adapted with permission 2021. [113]Copyright, Elsevier. C. Illustration of the 
V2O5@CFC; a) BJH pore size distribution plots of the V2O5@CFC; b) Cycling performance at a current density of 500 mA g− 1; Adapted with permission 2022. [114] 
Copyright, Elsevier. D. Illustration of the V2O3@CNFs; a) Cycling performance of V2O3@CNFs and V2O3 electrodes; b) XRD patterns of V2O3@CNFs and V2O3; 
Adapted with permission. [116] Copyright 2022, American Chemical Society. 
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in material accessibility. 
To summarize, using V2O5-based electrospun fibers marks a pivotal 

leap in the advancement of cathode materials for Zn-ion batteries, with 
transformative potential in energy storage and diverse applications. 
These materials, renowned for their unique crystalline structure and 
substantial theoretical specific capacity, herald a new era of enhanced 
battery performance and cost-effectiveness. However, the quest for 
optimal electrical conductivity and kinetic response continues to beckon 
innovation and determination [110,112–115]. 

2.4.2.2. Vanadium (III) oxide (V2O3). As mentioned above, the sub-
stantial theoretical potential of Vanadium-based oxides, combined with 
their extensive crystalline structure, makes them highly appealing and 
promising for battery applications. Among these oxides, V2O3 stands out 
with its 3D tunnel structure, which is suitable for the intercalation and 
deintercalation of ions. Moreover, V2O3 exhibits lower electrical resis-
tance than other transition metal oxides, offering distinct advantages for 
efficient ion transmission. However, the fragile nature of V2O3 poses 
challenges in battery cycling due to significant volume fluctuations and 

Table 1 
Analysis of material & process parameters on electrospun fibers.  

Materials Electrospinning solution 
(Precursor/Polymer/ 
Molecule weight(g/mol)/ 
Solvent) 

Electrospinning parameters (Feeding 
rate (ml/h)/Applied voltage (kV)/ 
Distance between the syringe and 
collector (cm)/Gauge number) 

Post treatment 
(Temperature (◦C)/ 
Time (h)/Atmosphere) 

Fiber characterization 
method 

Fiber structure Ref. 

MoS2@CNFs (NH4)2MoS4/PAN/150000/ 
DMF 

1/19/18/21 I: 230/2/air 
II: 450/2/7 % H2-93% 
Ar 
III: 850/1/Ar 

XPS/XRD/SEM/TEM/ 
EDX/ICP-OES 

3D porous [57] 

CoS2@CNFs C4H6CoO4⋅4H2O/PAN/ 
–/DMF 

–/–/–/– I: Peroxidized 
II: 900/air 
III: Hydrothermal 
synthesis 
155/12 
IV: 450/4/inert 

XRD/XPS/SEM/TEM/ 
EDX/BET/BJH/TGA/ 
Raman 

3D network [60] 

NiS2/SC@SCNF Ni,C/PAN/150000/DMF 1.2/19/15/21 I: 280/2/N2 

II: 800/1/N2 

III: 350/2/N2 

XRD/XPS/SEM/TEM/ 
EDX/TGA/Raman 

3D network [65] 

Se2.9S5.1@MCNF –/PAN,PS/150,000,192,000/ 
–/DMF 

0.1/18/–/– I: 250/1/air 
II: 900/2/N2 

III: 600/3 

XRD/XPS/SEM/TEM/ 
BET/TGA/Raman 

Multichannel [67] 

MoSe2@NCNF –/PAN/150000/DMF –/14/–/– I: 230/3/air 
II: 850/6/N2 

III: Hydrothermal 
synthesis 
200/10 
IV: 500/2/Ar 

XRD/XPS/SEM/TEM/ 
EDX/TGA 

Hierarchical 
core-shell 

[81] 

Cu1.8Se@CNF Cu(CH3COO)2⋅H2O/PAN/ 
–/DMF 

2/20/–/– I: 1000/N2 XRD/XPS/SEM/TEM/ 
EDS/BET 

3D [88] 

VN/N-CNF VCl3,H2BDC/PAN/150000/ 
DMF 

–/18/15/21 I: 100/4/air 
II: 200/4/air 
III: 800/2/N2 

XRD/XPS/SEM/TEM/ 
EDS/BET/BJH/EPR/ 
TGA 

3D hierarchical [71] 

Mn3O4@HCFs Mn3O4/PAN/150000/DMF 0.15/13/20/– I: 225/7/air 
II: 450/3/Ar 

XRD/XPS/SEM/TEM/ 
EDS/BET/BJH/TGA 

Core-Shell [89] 

MnOx-CNFs Mn-MOF/PAN/130000/DMF 0.8/15/15/– I: 280/2 h/air 
II: 800/2/N2 

III: 350/1.5/air 

XRD/XPS/SEM/TEM/ 
BET/XAS 

Core-shell [91] 

MnO@N-C Mn(Ac)2⋅4H2O/PVP/ 
1300000/Ethanol 

6/10/15/– I: 280/1/air 
II: 500/2/Ar 

XRD/XPS/SEM/TEM/ 
EDS/TG-DSC 

3D porous 
network 

[90] 

V2O5 nanofiber –/PVP/1300000/H2O2 0.5/15–18/– I: 500/1/air XRD/XPS/EDX/SEM/ 
OM 

Porous and 
layered 

[115] 

VCN VO(acac)2/PAN/16000/DMF 0.6/20/18/ I: 250/1/air 
II: 500/2/Ar 

XRD/XPS/SEM/TEM/ 
EDS/TGA/Raman 

Hierarchical 
porous 

[111] 

Mn2O3 Mn(Ac)2⋅4H2O/PVP/ 
1300000/Ethanol 

6/25/15/– I: 500/2/air XRD/SEM/TEM/TG- 
DSC 

3D nano-porous [92] 

V2O5 nanofiber NH4VO3- H2C2O4⋅2H2O/PVP/ 
1300000/DMF 

0.6/16/15/21 I: 400/2 XRD/XPS/SEM/TEM/ 
BET/BJH/Raman 

Porous nanofiber [110] 

Fe-doped V2O5 

nanorods 
VOSO4⋅xH2O,FeCl3.6H2O/ 
PAN/150000/DMF 

400/10/10/– I: 600/8/air XRD/XPS/SEM/TEM/ 
EDS/UV–vis 

Nanorod [112] 

V2O5 nanochips –/PAN/150000/DMF/ 400/10/10/– I: 400/8/air XRD/XPS/SEM/TEM/ 
Raman/UV–vis 

Nanochips [113] 

VOC-NF C10H14O5V/PAN/–/DMF 1.2/16/15/23 I: 800/3/H2-Ar (10 %) 
II: 200/24/steam 
atmosphere 
III: Hydrothermal 
synthesis 

XRD/XPS/SEM/TEM/ 
EDX/TGA/Raman 

Nanodots 
encapsulated in 
CNFs 

[117] 

V2O5@CFC V2O5 nanosheets/PAN/ 
150000/DMF 

0.1/17/15/23 I: 700/2/Ar XRD/XPS/SEM/TEM/ 
BET/BJH/EDX/TGA/ 
Raman 

3D network [114] 

V2O3@CNFs C15H21O6V/PAN/1500000/ 
DMF 

1/15/16/– I: 235/air 
II: 700/Ar 

XRD/XPS/SEM/TEM/ 
EDS/TGA/Raman 

Tunnel-like 3D [116] 

V2O5 

nanoparticles 
V2O5 nanoparticles/PAN, 
PMMA/–/DMF 

–/10–12/9/17–23 I: 280/1/air 
II: 700/N2 
III: 400/air 

XRD/XPS/SEM/TEM/ 
BET/BJH/EDS/TGA/ 
Raman 

Core-shell 
hierarchical 

[109] 

MgMn2O4 MgMn2O4/PAN/–/DMF 1/18/15/– I: 300/2 XRD/SEM/OM/EDS Nanofiber [99]  
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sluggish charge transfer kinetics. In 2022, Liu et al. [116] addressed 
these issues by creating a binder-free V2O3@CNFs, a flexible cathode 
material for zinc-ion batteries, through the utilization of electro-
spinning, subsequently followed by stabilization and carbonization 
processes. The battery configuration included Zn foil coated with carbon 
(Zn@CC) as the anode, V2O3@CNFs as the cathode, and Zn(CF3SO3)2 as 
the electrolyte. As shown in Fig. 8D(a), this battery demonstrated an 
initial capacity of 220 mAh g− 1 at 50 mA g− 1. After 1000 cycles, it 
exhibited a capacity of 120/65 mAh g− 1 at 200/2000 mA g− 1, indicating 
good cycling stability. Incorporating carbon into V2O3@CNFs signifi-
cantly enhanced the electrical conductivity of the composite, leading to 
improved charge transfer kinetics. Additionally, the electrospinning 
process contributed to enhanced structural integrity, facilitating faster 
ion transfer kinetics and creating more active reaction sites, as evi-
denced by the XRD pattern (Fig. 8D(b)). These improvements resulted in 
the battery showcasing excellent electrochemical performance and 
cycling stability [116]. 

2.4.2.3. Vanadium (II) oxide (VO). In 2022, Liu et al. [117] successfully 
synthesized VO nanodots by incorporating them into carbon nanowires, 
forming VOC-NF through electrospinning and calcination techniques. 
This novel binder-free cathode was designed for use in Zn-ion batteries. 
The distinctive nanostructure of VOC-NF plays a crucial role in 
enhancing battery performance. Reducing the distance for ion transfer 
facilitates efficient ion diffusion and electron transfer processes. 
Furthermore, VOC-NF exhibits excellent electrical conductivity and 
stable structure, further contributing to its effectiveness as a cathode 
material. In the battery assembly, a metallic zinc foil is the anode, VOC- 
NF is the cathode, and Zn(CF3SO3)2 is the electrolyte. The battery 
showcased impressive performance characteristics, with a specific ca-
pacity of 319 mAh g− 1 at 100 mA g− 1 and 215 mAh g− 1 at 20000 mA 
g− 1. Remarkably, even after 18,000 cycles, it retained 63 % of its orig-
inal capacity, demonstrating exceptional cycle stability. Given the 
remarkable performance exhibited by this cathode material, it holds 
great promise for application in future battery technologies [117]. 

All the relevant details regarding electrospinning technique param-
eters and methods for characterizing produced fiber and fiber structure 
have been organized in Table 1. Additionally, the performance of 

various electrospun cathode materials for multivalent batteries, such as 
metal sulfides, metal nitrides, metal selenides, and metal oxides, is 
summarized in Table 2. These tables facilitate a comprehensive com-
parison of research findings. Researchers can rely on these tables as 
valuable resources for obtaining the required information. 

3. Advantages and challenges of electrospun cathodes 

As previously mentioned, multivalent batteries can address the 
limitations of Li-ion batteries and offer higher energy density. However, 
their progress faces challenges due to specific cathode materials. These 
materials encounter energy density and diffusion kinetics difficulties 
because of their higher electrostatic interaction with multivalent ions 
compared to monovalent ions [17,118]. The selection of suitable cath-
ode materials is also restricted by the challenge of enabling reversible 
multivalent ion intercalation. This challenge involves overcoming 
sluggish ion diffusion within the host matrix structure due to in-
teractions with other species present in the electrolyte. Therefore, one of 
the primary challenges in advancing multivalent battery technology lies 
in identifying cathode materials capable of reversibly storing and 
releasing these multivalent cations [120]. 

On another note, electrospinning is one of the most promising and 
widely embraced methods for producing nanofibers with adjustable 
morphologies, offering various advantages [40,121–124]. One signifi-
cant advantage of the electrospinning technique is its ability to create 
cathodes without using binders. This not only prevents unwanted re-
actions between the electrolyte and binders in these electrodes but also 
improves their overall performance and durability [125]. Additionally, 
not having binders allows for a more effective use of the active material 
in the cathode and strengthens the connection between the active ma-
terial and the current collector [126]. Electrodes fashioned from these 
nanofibers exhibit exceptional characteristics: they boast a substantial 
surface area that this increased surface area and enhanced porosity, 
provides additional sites for electrochemical reactions, thereby boosting 
cathode performance and so leading to overall improvements in ca-
pacity and battery performance [122,127]. Electrospun cathodes also 
play a pivotal role in enhancing cyclability by reducing electrode fluc-
tuations during charge and discharge cycles, ultimately extending the 

Table 2 
Comparison between electrospun nanofibers cathodes for multivalent batteries.  

Battery Cathode  Anode Electrolyte Results Ref. 

Binder in 
cathode (Yes/ 
No) 

Initial capacity 
(mAh g− 1) 

Current 
density (mA 
g− 1) 

Cycle 
count 

Capacity 
(mAh g− 1) 

Capacity 
retention (%) 

Al-ion MoS2@CNFs N Al foil [EMIm]Cl +
AlCl3 

293.2 100 200 126.6 43.17 [57] 
CoS2@CNFs N – 200 500 80 – [60] 
NiS2/SC@SCNF Y – 500 500 76 – [65] 
Se2.9S5.1@MCNF N – 500 3000 187 – [67] 
MoSe2@NCNF Y 296.3 100 200 169.9 57.34 [81] 
Cu1.8Se@CNF Y  410 2000 5000 152.12 37.10 [88] 

Zn-ion VN/N-CNF N Zinc plate Zn(CF3SO3)2 – 50,000 30,000 482 – [71] 
Mn3O4@HCFs Y Zn foil ZnSO4 + MnSO4 100 400 1300 225 225 [89] 
MnOx-CNFs N – 1000 100 220 71 [91] 
MnO@N-C Y ZnSO4 ~20 500 200 176.3 – [90] 
V2O5 nanofiber Y – 50 500 357 – [115] 
VCN Y 177 1000 100 111 62.71 [111] 
Mn2O3 Y Hydrogel – 2000 1000 104 – [92] 
V2O5 nanofiber Y Zn(CF3SO3)2 393.82 20 500 319 81 [110] 
Fe-doped V2O5 

nanorods 
Y – 80 500 422 – [112] 

V2O5 nanochips Y 393.46 1300 300 293.5 74.6 [113] 
VO-CNF N 319 100 5000 207.35 65 [117] 
V2O5@CFC N ZnSO4 + MnSO4 – 500 1000 154 – [114] 
V2O3@CNFs N Zn@CC Zn(CF3SO3)2 ~240 2000 1000 ~75 31.2 [116] 
V2O5 nanoparticles N Zn 

nanosheet 
Polymeric 409 8000 2000 390.59 95.8 [109] 

Mg-ion MgMn2O4 Y Mg metal Mg(CF3SO3)2 +

EC + DME 
295 – – – – [99]  
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lifespan of the electrodes [123,128]. Moreover, they enable faster 
charge and discharge kinetics thanks to their substantial surface area 
and shortened diffusion paths for ions and electrons [122,129]. Elec-
trospinning is noteworthy for its scalability and flexibility. Its scalability 
enables cost-effective mass production, while its flexibility allows for 
using various materials, such as ceramics, polymers, and composites 
[130–132]. Another aspect of this flexibility involves making modifi-
cations, like N2 doping and integrated carbon nanofibers as a conductive 
matrix, which can enhance specific properties like electrical conduc-
tivity [133]. Furthermore, electrospinning allows for the creating of 
unique cathode structures, including core-shell formations, nanotubular 
designs, and hierarchical architectures, all of which enhance electro-
chemical performance and durability [40,134]. These advantages make 
position them a promising choice for advancing energy storage and 
conversion technologies. 

Despite the mentioned advantages, the electrospinning method for 
cathode production presents various challenges. One of these challenges 
lies in the variability of morphologies resulting from parameter adjust-
ments. While this variability can be advantageous in certain situations, it 
can pose difficulties when striving for consistent morphologies over time 
[135]. Moreover, the electrospinning process involves a solvent-rich 
solution, leading to uncontrollable structural pores in the nanofibers 
during solvent evaporation, making morphology control and reproduc-
ibility challenging [136]. Additionally, preparing electrospinning solu-
tions often necessitates using organic and toxic solvents, which can have 
adverse environmental impacts [136]. Polyacrylonitrile typically serves 
as the base polymer in electrospinning techniques. However, its suit-
ability for specific purposes, such as hydrophilic or hydrophobic envi-
ronment, must be carefully considered. For instance, it may need to be 
combined with other materials or make adjustments to the calcination 
duration [138]. Another challenge lies in striking a balance between 
achieving high energy density and maintaining the flexibility of fibers. 
For the utilization of electrospun cathodes, achieving an optimal active 
material loading is crucial to ensure sufficient energy density and overall 
better performance. However, excessive active material loading may 
compromise the mechanical flexibility of the fibers [139]. Furthermore, 
while cathode porosity is advantageous, it must fall within a critical 
range to ensure effective electrolyte penetration and charge transfer 
[140]. A larger surface area may also reduce the columbic efficiency in 
the initial cycles. If the porosity exceeds a critical range, thick solid 
electrolyte interphase (SEI) films may develop due to extensive surface 
contact between the electrode and electrolytes, leading to a higher 
irreversible capacity [141]. As indicated earlier, most cathodes exhibit a 
mesoporous structure, which facilitates ion diffusion but negatively af-
fects the flexibility and durability of CNFs [142]. Additionally, electro-
spinning imposes limitations on the types of materials that can be 
synthesized, and achieving uniform nanofibers without defects, such as 
beads, can be challenging [143]. 

4. Future directions 

A review of current literature reveals that cathodes designed for 
various multivalent batteries, including Al-ion, Zn-ion, and Mg-ion 
batteries, utilize electrospinning and post-treatment techniques. In the 
case of Al-ion batteries, strong Coulombic ion–lattice interactions result 
in kinetic limitations in battery processes. Moreover, the intense elec-
trostatic interaction between Mg ions and the host lattice results in 
impractically long durations for ion intercalation/deintercalation due to 
low Mg2+ diffusion rates [144]. In Zn-ion batteries, limitations arise 
from the strong electrostatic repulsion between Zn2+ ions and the 
cathode material lattice [145]. In the broader context of multivalent 
energy storage systems, identifying electrode materials capable of 
serving as durable hosts for accommodating a large number of ions, 
while ensuring rapid release kinetics, remains a significant challenge. 
The electrospinning technique, with its unique features, offers a prom-
ising solution to address these challenges. Researchers can employ 

electrospun fibers as cathodes, anodes, electrolytes, and separators to 
tackle issues in Al-ion, Zn-ion, and Mg-ion batteries. 

Notably, as of our knowledge cutoff date, there are no reported in-
stances of electrospun cathodes being employed for calcium-ion batte-
ries. Calcium stands out as the fifth most abundant element in the Earth's 
crust, 25,000 times more abundant than lithium. Calcium is non-toxic, 
ensuring environmental safety [146,147]. Moreover, Ca2+ exhibits a 
low polarization profile similar to lithium, boasting a reduction poten-
tial of − 2.87 V vs. SHE, which is closely similar to Li's (− 3.04 V vs. SHE). 
Additionally, it offers an impressive volume-specific capacity of 
approximately 1073 mAh ml− 1 and demonstrates enhanced kinetic 
diffusion. This attribute plays a pivotal role in reducing overall load 
density, contributing to more excellent reversibility in capacity 
[148,149]. However, calcium-ion batteries do face specific challenges. 
They primarily stem from the limited availability of suitable calcium 
salts for electrolytes the electrode materials. This limitation, particularly 
about to electrodes, arises from the significantly larger ionic radius of 
Ca2+ (100 pm) compared to Li+ (70 pm) [149]. This difference in ion 
size can lead to premature structural degradation due to substantial 
volume changes [150]. Due to the electrospinning technique's ability to 
create materials with a high surface area, porous structure, and cost- 
effectiveness, calcium-ion batteries hold significant promise. Crafting 
electrodes using this method could accelerate the development of 
calcium-ion battery technology and help address issues related to ion 
radius. 

Additionally, as demonstrated in this article, and considering the 
exclusive use of elements such as sulfides and selenides in aluminum-ion 
batteries, along with the preference for nitrides and oxides in zinc and 
magnesium-ion batteries, it motivates researchers to explore these 
choices further in the field of battery technology. 

5. Conclusions 

The quest for high-performance materials in energy storage systems 
has prompted researchers to explore metal sulfides, nitrides, selenides, 
and oxides as promising candidates for cathode materials in multivalent 
batteries. Within the scope of this review, the core principles of elec-
trospinning, a technique synergistically combined with various meth-
odologies, were explored. These methodologies enhance the overall 
approach by combining annealing, pyrolysis, sulfidation, calcination, 
selenization, and hydrothermal reaction processes, to enhance the 
overall approach. The incorporation of elements such as Fe and N is also 
examined. This combination results in the creation of nanofibers with 
distinct structures, including multichannel fibers, core-shell hierarchical 
hybrid fibers, defect-rich fibers at the chemical and interface levels, as 
well as nanorods and nanochip fibers, all designed for integration into 
multivalent batteries as cathodes. These cathodes exhibit remarkable 
performance, attributed to their distinctive structures. These structures 
facilitate optimal contact between the active material and the electro-
lyte, reduce ion diffusion distances, and minimize volume fluctuations 
while enhancing kinetic performance. Additionally, in the case of 
carbon-based structures, they provide mechanical stability and high 
conductivity. This thorough review deepens our comprehension of 
recent progress and challenges regarding electrospun cathodes in 
multivalent batteries. It offers valuable perspectives for future re-
searchers and enthusiasts interested in multivalent battery cathodes. 
This analysis aims to supply meaningful insights to individuals con-
ducting research in this domain, ensuring a clear understanding of the 
strengths and limitations of these materials within the multivalent bat-
tery technology field. 
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