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Abstract 

Vanadium pentoxide (V2O5) has attracted significant attention in recent years as a cathode 

material for aqueous zinc-ion batteries (AZIBs). Its unique layered structure allows for reversible 

intercalation of various multivalent ions, including Zn2+.  

This paper proposes a sol-gel electrospinning method for preparation of vanadium pentoxide 

nanofibers, followed by thermal treatment in air. The composition and structure of the obtained powders 

were verified by X-ray diffraction, energy-dispersive X-ray elemental analysis, and X-ray photoelectron 

spectroscopy, while the morphology of the samples was investigated by scanning electron microscopy. 

The electrochemical properties and performance of the electrode materials based on V2O5 nanofibers 

were studied using cyclic voltammetry, galvanostatic charge-discharge, and electrochemical impedance 

spectroscopy methods. V2O5 electrodes demonstrate high specific capacity (357 mA h g-1 at 0.05 A g-1) 

and good long-term cyclic stability.  
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1. Introduction 

Aqueous zinc-ion batteries (AZIBs) are a major area of interest within the field of multivalent 

rechargeable batteries [1]. Among other candidates for the next-generation power sources, AZIBs are 

promising due to their high safety, cost effectiveness and environmental friendliness [1,2].  
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Vanadium pentoxide has gained attention as a cathode material with capability for reversible 

intercalation of Zn2+ ions and high (295 mA h g-1) theoretical capacity [2]. However, research has 

consistently shown that V2O5 cathodes lack conductivity, and phase transitions of layered structures upon 

Zn2+ intercalation cause capacity fading [2–5]. Preliminary inclusion of Zn into the structure alleviates 

some of these issues, simultaneously showing reversibility of Zn2+ intercalation in such structures [6,7]. 

In addition to that, H+ intercalation in such materials also occurs, which has been both observed 

experimentally [5,8] and confirmed computationally [9].  

Existing research recognizes the critical role played by nanostructuring of active material in 

electrodes activation process, their capacity, and stability. This strategy is one of the effective ways to 

enhance the electrochemical performance of V2O5 cathodes in AZIBs [4,10,11]. The increase of specific 

capacity values in such cases is due to surface processes in addition to intercalation. As the material 

activates during initial cycles, Zn2+ intercalation contribution increases, facilitated by water molecules 

insertion into the material structure. As a result, stable vanadium oxide-based electrode materials with 

capacities as high as (315–430) mA h g-1 have been reported [4,7,8,11].  

This paper proposes the use of electrospun V2O5 nanofibers as an active material in cathodes for 

AZIBs. We show that this simple and effective method, suitable for large-scale production of V2O5 

nanofibers, allows to obtain high-capacity electrodes with prospective functional properties for 

application in AZIBs.  

2. Materials and methods 

The V2O5 nanofiber samples were synthesized by electrospinning from the solution, prepared by 

dissolving vanadium oxide precursors in hydrogen peroxide, followed by dissolving binding polymer 

polyvinylpyrrolidone (PVP) (Mr = 1.3∙106 g mol-1). The synthesis was performed through a 0.7 mm 

needle at the flow rate of 0.5 ml h-1 at the applied potential difference of (15–18) kV. Then, the nanofibers 

were annealed in air at 500 °C for 1 h, with the 5 °С min-1 heating and cooling rates to remove the PVP 

and crystallize the oxide fibers.  

Electrode materials were prepared by mixing V2O5 nanofibers (70 wt.%), carbon black (20 wt.%) 

and polyvinylidene fluoride (10 wt.%) in N-methylpyrrolidone. The resulting viscous slurry was cast on 

the titanium foil, dried at 80 °C in vacuum overnight, and pressed, then the electrodes (0.88±0.07 mg of 
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active material) were punched. CR2032 coin cells were assembled with Zn foil as anode with 

3.5 mol dm-3 ZnSO4 as electrolyte and glass fiber membranes soaked in the electrolyte as separators. The 

V2O5 electrodes were studied by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) in a 

(0.3—1.5) V (vs. Zn/Zn2+) potential range, and electrochemical impedance spectroscopy (EIS) using 

Autolab PGSTAT30, Bio-Logic VMP-3 and Neware BTS4000.  

The structure and morphology of the materials were studied by high-resolution X-ray diffraction 

(Cu Kα, Bruker-AXS D8 DISCOVER), energy dispersive X-ray spectroscopy, scanning electron 

microscopy (SUPRA 40VP Carl Zeiss), optical microscopy, and X-ray photoelectron spectroscopy 

(Thermo Fisher Scientific Escalab 250Xi).  

3. Results and discussion 

As-prepared nanofibers contain PVP and thus have a higher diameter than annealed ones (Figure 

S1). The samples (Figure 1a,b) have a tubular non-smooth surface. The fibers of the material consist of 

granules connected into strands with an average diameter of (390±10) nm (Figure 1e).  
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Figure 1. SEM images of annealed V2O5-nanofibers (a,b) and V2O5-based electrode material (c,d); 

distribution of nanofibers diameter (e), EDX spectrum of the electrode material (f), XRD spectrum of 

V2O5 nanofibers (g), and elemental mapping for electrode material (h).  

In the fabricated electrode material (Figure 1c,d), the distribution of particles contains free 

volume and large surface are for electrolyte access. The EDX elemental mapping (Figure 1h) shows the 

complete coating of the substrate with vanadium-containing species, and a typical spectrum (Figure 1f) 

provides a 1.8:1 oxygen to vanadium ratio.  

XRD spectrum of the sample (Figure 1g) corresponds to orthorhombic V2O5 (ICDD card no. 07-

077-2418, Pmmn (59) space group). Interlayer distance for (001) plane is 4.4 Å, which is close to 

previously reported values [3]. Additional characterization of the material includes O 1s and V 2p XPS 
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spectra (Figure S2), that show that vanadium is present in V5+ and V4+, which is consistent with the 

literature [3,12].  

 

Figure 2. a) CVs of V2O5 nanofiber electrodes at 0.2 mV s-1 during initial 15 cycles, b) CVs at different 

scan rates, c) linear fit of peak currents vs scan rate and estimated a coefficient for V2O5 nanofiber 

electrodes, d) stable CV at 0.2 mV s-1 with contribution of separate redox peaks to total capacity, e) 

capacitive and diffusion contributions at 1 mV s-1, f) capacitive contribution at different scan rates.  

The shape of CVs (Figure 2a) recorded in the 0.3 V to 1.5 V range transforms during initial 

cycles as V2O5 structure changes. At 0.2 mV s-1 this usually takes up to 20 cycles. At first, a pair of peaks 

at 1.28 V (A1) and 0.95 V (C1) prevails. After the transformation, two pairs of stable peaks appear at 

0.78 V (A2) / 0.58 V (C2), and 1.05 V (A3) / 0.88 V (C3), which probably correspond to the consecutive 

redox process of V5+ to V3+, with V4+ as an intermediate state [10], forming ZnxV2O5 phases with different 

degrees of Zn2+ intercalation (ex situ XRD in Figure S3) [13]. Alternatively, both Zn2+ and protons 

intercalation may occur, as per recent studies [5,9]. Upon reaching stability, a CV contains two pairs of 

peaks, and each peak contributes equally to the total capacity (Figure 2d). This indicates that intercalation 

of Zn2+ ions is accompanied by phase transitions with formation of new structures with stable reversible 

charge-discharge processes.  



 

6 
 

The separation of peaks upon scan rate increase (Figure 2b) allows to evaluate electrochemical 

kinetics by fitting the peak currents vs scan rate dependence (Figure 2c). The obtained b values from 0.75 

to 0.84 indicate that all occurring processes are of mixed nature, combining both interfacial Zn2+ storage 

(b→1.0) and diffusion-controlled redox reaction (b→0.5).  

Capacitive and diffusion current contributions were differentiated via the method proposed by 

Dunn [14]. At a higher scan rate, i.e., at 1.0 mV s-1 (Figure 2e), 76% of total currents is due to capacitive 

effects, which agrees with high availability of the surface area. At various scan rates (Figure 2f), the 

capacitive contribution reaches 81%, while at lower scan rates diffusion-controlled currents prevail with 

59% of total capacity value.  

Like CVs, GCD curves show the evolution of the recharging processes in the initial cycles. The 

specific capacity of the V2O5 cathode increases (Figure 3a) up to ~350 mA h g-1, where it levels. 

Increased surface availability of V2O5 particles, as seen from SEM images and confirmed by substantial 

capacitive currents contribution in CVs, is the reason of high specific capacity values. Additionally, 

reorganization of the material crystal lattice [8,12] causes such increase from 176 mA h g-1 in the 2nd 

cycle. Within these cycles, an oxidation plateau shifts from an average potential of 1.17 V to 1.04 V. 

Meanwhile, the reduction plateau only shifts slightly from 1.00 V to 0.97 V. This reduces the ΔE between 

anodic and cathodic plateaus, indicating facilitation of redox processes. Simultaneously, the capacity of 

the oxidation process in the plateau with a 0.72 V average potential increases, with its reduction 

counterpart at 0.65 V.  

The material shows decent rate capability (Figure 3b,c): the initial capacity is 282 mA h g-1 at 

0.1 A g-1, of which 179 mA h g-1 (or 63%) remain at 2 A g-1. At higher current densities, no significant 

changes of plateaus potentials occur, though iR-drop increases, and the slope of the curves indicates a 

slightly more capacitor-like response, consistently with CV analysis. The behavior of cycle life trend 

(Figure 3d) at fixed 0.1 A g-1 current density after initial “activation” of the material at 0.05 A g-1 shows 

the presence of maximum capacity within the first few cycles. For more continuous studies, we applied 

2 A g-1 (Figure 3e), where the capacity maximum is also present, consistently with published research 

[3,5,15]. The specific capacity in the second cycle is 74 mA h g-1, which increases to 211 mA h g-1 by the 

27th cycle, from where a steady decline starts. Gradual expansion of the interlayer distance due to Zn2+ 

intercalation and formation of ZnxV2O5 phase may cause such “activation” process, simultaneously 
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tipping the ratio of Zn2+ and H+ intercalation in favor of Zn2+ [6,8]. By the 500th cycle, capacity is 101% 

of the initial value, yet only 36% of maximum value. This may be because of trapped Zn2+ ions 

decreasing material availability [15]. The speed of such transformation is dependent on the mode of 

electrochemical impact on the system: it takes nearly 30 GCD cycles at 0.2 A g-1 to achieve maximum 

performance, while CV at 0.2 mV s-1 does that in 15 cycles. This warrants further investigations of the 

recharging mechanism, yet its complete study is well beyond the scope of this paper. 

The transformation of the material, and the related increase of specific capacity affect the EIS 

(Figure 3f). The equivalent circuit is a slight modification of reported ones [4,11]. The contributing 

resistance values are less in the “activated” material: 27 Ω and 85 Ω for charge transfer resistances R1 and 

R2 versus initial 91 Ω and 124 Ω, respectively (see fitted values in Table S1). This allows for the increase 

of capacity because of the facilitation of charge transfer. Such results are in line with the morphology 

studies that show high-surface samples, and significant capacitive currents contribution in CV studies 

additionally confirm that.  

 

Figure 3. Selected GCD curves within the initial 10 cycles at 0.05 A g-1
 (a), and at different current 

densities (b); current density capability (c), cyclic stability at 0.05 A g-1 and 0.1 A g-1 (d) and 0.2 A g-1 (e), 

EIS in the beginning and after 15 cycles for V2O5 electrodes (f).  
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4. Conclusions 

A facile electrospinning method of V2O5 nanofibers synthesis allows to obtain the cathode 

materials for rechargeable AZIBs with high specific capacities of up to 282 mA h g-1 and enhanced C-rate 

capability at currents from 0.1 A g-1 to 2.0 A g-1. EIS confirms facilitation of charge transfer after material 

activation by multiple recharging cycles. The electrodes retain remarkable electrochemical activity after 

500 cycles. A rather simple and effective electrospinning method is shown to be promising for large-scale 

production of V2O5 nanofibers allowing to obtain prospective high-capacity electrodes for application in 

AZIBs.  
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