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Abstract: To promote the energy density of symmetric all-solid-state supercapacitors (SCs), efforts 
have been dedicated to searching for high-performance electrode materials recently. In this paper, 
vanadium nitride (VN) nanofibers with mesoporous structure have been fabricated by a facile 
electrospinning method. Their crystal structures and morphology features were characterized by X-ray 
diffraction, scanning electron microscopy, and transmission electron microscopy. The mesoporous 
structure of VN nanofibers, which can provide short electrolyte diffusion routes and conducting 
electron transport pathways, is beneficial to their performance as a supercapacitor electrode. Under a 
stable electrochemical window of 1.0 V, VN nanofibers possess an excellent mass specific 
capacitance of 110.8 F/g at a scan rate of 5 mV/s. Moreover, the VN nanofibers were further 
assembled into symmetric all-solid-state SCs, achieving a high energy density of 0.89 mW·h/cm3 and 
a high power density of 0.016 W/cm3 over an operating potential range from 0 to 1.0 V. These results 
demonstrate that VN nanofibers could be potentially used for energy storage devices. 
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1  Introduction 

The great achievements in electronics aggregating the 
high performance and the tiny dimension have been 
attained [1,2]. Supercapacitors (SCs) meet the above 
requirements. Motivated by the increasing demand of 
portable/wearable electronics [3], SCs have attracted 
immense interest because of their outstanding 
performances, such as superior power density, fast 
charge/discharge rate, and long cycle lifetime [4–8]. 
These outstanding properties enable SCs to be applied 
in various energy fields like solar photo-electricity 
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products, electric vehicles, and so forth [9,10].  
Generally, SCs are classified into electric double 

layer capacitors (EDLCs) and pseudo capacitors in 
terms of their charge-storage mechanism [11]. The 
EDLCs can store charge at the electrodeelectrolyte 
interface, and the capacitance arises from charge 
accumulation [12,13], whereas the pseudo capacitors 
are based on the fast and reversible redox reactions that 
occur on the electrode surface [14]. During the past 
decades, particular attention has been paid to 
developing high performance electrode materials for 
SCs [15–18]. Promising materials including active 
carbon, carbon nanotubes (CNTs), and graphene have 
been investigated [19]. However, these materials still 
face several difficult issues, such as low average  E-mail: liheping@hust.edu.cn 
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specific capacitance and low energy density [20], 
which need to be addressed for their application. In 
this context, the development of alternative materials 
with an ultra-high performance for SCs is of vital 
importance undoubtedly.  

Nowadays, transition metal compounds have attracted 
increasing attention due to their relatively high 
capacitance [21,22]. As reported previously, much effort 
has been dedicated to studying the electrochemical 
features of transition metal oxides. Kumar et al. [23] 
fabricated Co3O4 nanofibers as electrode material for 
asymmetric SCs, achieving a specific capacitance of 
407 F/g at a scan rate of 5 mV/s. Devadas et al. [24] 
applied RuO2 nanoparticles to capacitors as electrode, 
which showed the specific capacitance of 716 F/g at 5 
mV/s. At the same time, transition metal nitrides have 
aroused numerous interests for application in energy 
storage devices, such as vanadium nitride (VN), 
titanium nitride (TiN), molybdenum nitride (MoxN), 
tungsten nitride (WN), and nickel nitride (NiNx), due 
to their excellent electrochemical stability and high 
electrical conductivity [25–31]. Zhou et al. [32] mixed 
nano-VN powders with graphite powders and acetylene 
black for SCs, which exhibited a specific capacitance 
of 161 F/g at 30 mV/s. Lu et al. [33] fabricated VN 
nanowires through a hydrothermal method and achieved 
an excellent specific capacitance of 298.5 F/g at a scan 
rate of 10 mV/s. These advances indicate that VN 
could be a promising material in energy storage filed, 
such as SC, battery, etc. [31]. In addition, VN with a  
 

stable working window both in solid and solution 
electrolyte is suitable for using in SCs [34]. However, 
most studies on VN-based SCs have added the 
conductive additive in the electrode [29–33]. The 
intrinsic performance of VN nanofibers has been scarce 
reported. Herein, we have synthesized porous VN 
nanofibers by a facile electrospinning method and 
evaluated their properties by assembling the obtained 
VN nanofibers into symmetric all-solid-state SCs 
[35–38]. 

2  Experimental 

2. 1  Fabrication of VN nanofibers 

Figure 1 schematically shows the fabrication process of 
VN nanofibers. All reagents were of analytical grade and 
were used without further purification. Vanadium (V) 
oxytriisopropoxide (C9H21O4V, Mw = 244.20, Aladdin 
Industrial Co., China) was chosen as the starting 
material. C9H21O4V (9.8 wt%) and polyvinylpyrrolidone 
(PVP, Mw = 1300000, Aladdin Industrial Co., China) 
(5.0 wt%) were dissolved in a mixture of isopropanol 
and acetic acid (2.5 : 1 = w : w). After continuous 
stirring for 6 h at room temperature, the solution 
became clear and was used for electrospinning. The 
precursor nanofibers were electrospun via a typical 
electrospinning setup as previously reported [39,40]. 
The peeled-off membranes were firstly calcined in air 
at 500 ℃ for 2 h to obtain V2O5 nanofibers. Afterwards,  

 

 
 

Fig. 1  Schematic illustration for fabricating VN nanofibers. 
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the V2O5 nanofibers were converted into VN nanofibers 
by calcination under flowing ammonia atmosphere at a 
temperature ranging from 550 to 650 ℃. 

2. 2  Material characterization 

The morphology and crystal structure of both V2O5 and 
VN nanofibers were characterized by field emission 
scanning electron microscopy (FESEM, NovaNano 
SEM 450, FEI, Netherlands) and X-ray diffraction 
(XRD, X’pert PRO, PANalytical B.V., Netherlands). 
Field transmission electron microscopy (FTEM, Tecnai 
G2 F30, FEI, Netherlands) was used to observe the 
microstructure of the fibers. The specific surface area 
and the pore size distribution were obtained by a 
Brunauer–Emmett–Teller (BET) nitrogen adsorption/ 
desorption measurement (Micromeritics ASAP 2020, 
America). 

2. 3  Assembling of VN nanofiber-based all-solid- 
state SCs  

Due to the high electrical conductivity of VN (1.17× 
106 S/m) [30], the conductive additive is not added for 
the sake of assessing the intrinsic capacitance 
characteristic of the porous VN nanofibers. 90 wt% of 
VN, 10 wt% of polyvinylidene fluoride (PVDF) and 
methyl-2-pyrrolidone (NMP) solvent were mixed 
homogeneously and then transferred onto an ITO glass 
that was employed as a current collector. The electrodes 
were heated at 60 ℃ for 6 h in an oven. Afterwards, 
LiCl/PVA solid-state electrolyte was brushed equably 
onto the VN-coated ITO glass, followed by drying at 
60 ℃ for 6 h. After removing all the extra moisture, 
two electrodes were assembled together into SCs. 

2. 4  Electrochemical measurements 

The SCs performance was evaluated by cyclic 
voltammetry (CV), galvanostatic discharge/charge 
(GDC) measurements, and electrochemical impedance 
spectroscopy (EIS) on the electrochemical workstation 
(CHI-760E, Chenhua, Shanghai, China) at room 
temperature. All electrochemical measurements were 
carried out using a two-electrode cell configuration with 
LiCl/PVA gel as the electrolyte and PVDF as the binder. 

3  Results and discussion  

Figure 1 schematically shows the fabrication procedure 

of VN nanofibers. The electrospun precursor nanofibers 
were transformed into VN nanofibers by a two-stage 
heat treatment process. At the first stage, the precursor 
nanofibers were calcined in air at 500 ℃ to obtain 
V2O5 nanofibers. Afterwards, the resultant V2O5 nanofibers 
were calcined in ammonia atmosphere to produce VN 
counterparts based on the following reaction: 

 3 22 253V O +10NH 6VN+2N +15H O   (1) 

The morphology of both V2O5 and VN nanofibers 
were characterized by scanning electron microscopy 
(SEM), as shown in Fig. 2. Interestingly, V2O5 nanofibers 
have a polyporous structure (Fig. 2(a)), which may be 
ascribed to the decomposition of high-molecular 
polymer (PVP) contained in the precursor nanofibers 
[36]. These V2O5 nanofibers remained intact after 
calcining and were continuous with length up to 
several micrometers. The polyporous V2O5 nanofibers 
were nitrided at 550, 600, and 650 ℃ to fabricate VN 
nanofibers. As seen in Figs. 2(b)–2(d), the resultant VN 
nanofibers were broken into short parts with diameter 
ranging from 250 to 450 nm. With the calcining 
temperature increasing, pores in the VN fibers were 
reduced gradually, leading to a compact surface. The 
elimination of pores was speculated to be caused by 
the growth of VN grain during calcination in ammonia.  

To investigate the microstructure of the VN 
nanofibers, TEM characterization was further conducted. 
In the high resolution TEM image (Fig. 3(a)), the 
spacing d of the crystal lattice is calculated to be 2.05 
and 2.35 Å, respectively, which corresponds to the 
(200) and (111) planes of cubic VN. The selected area 
electron diffraction (SAED) (Fig. 3(b)) demonstrates 
the polycrystalline structure of the VN nanofibers [41].  

The phase constitution of V2O5 and VN nanofibers 
are also confirmed by X-ray diffraction (XRD). In  
Fig. 4, the strong diffraction peaks from pre-oxidized 
products (Fig. 4(a)) could be assigned to (200), (001), 
(101), (110), and (301) lattice planes of V2O5 [40]. 
After calcining in ammonia above 500 ℃, all the 
V2O5 peaks disappear and the emerging peaks agree 
well with the (111), (200), (220), (311), and (222) 
diffraction peaks of cubic VN, indicating the successful 
fabrication of VN nanofibers via electrospinning 
[41,42]. The crystallite size of VN nanofibers is 
calculated by employing the Debye–Scherrer equation: 

 / cosd k    (2) 

where d is the linear dimension of the crystal size (nm), 
k is the spherical shape factor (0.89), λ is the X-ray 
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Fig. 2  (a) SEM images of V2O5 nanofibers, and SEM images of VN nanofibers nitrided at (b) 550, (c) 600, and (d) 650 ℃. 
Insets: the corresponding high resolution SEM images. 

 

 
 

Fig. 3  (a) TEM images and (b) SAED pattern of an individual VN nanofiber nitrided at 550 ℃ in ammonia. 

 

 
 

Fig. 4  XRD patterns of (a) V2O5 nanofibers and (b) VN nanofibers nitrided at 550, 600, and 650 ℃ in ammonia. 
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wavelength (0.154056 nm), β is the full width at 
half-maximum height of the respective peak (rad), and 
θ is the diffraction angle (°). VN nanofibers nitrided at 
550, 600, and 650 ℃ have an average size of 8.13, 
10.94, and 15.22 nm, respectively. The crystallite size 
increases with the calcining temperature going up. The 
XRD data is in accord with the SEM and TEM results. 

The N2 adsorption–desorption isotherms of the VN 
nanofibers show a type II hysteresis loop (Fig. S1 in 
the Electronic Supplementary Material (ESM)), which 
demonstrates the presence of three-dimensional-network 
pores with different sizes. As calculated by the BET 
method, the specific surface area of VN nanofibers 
nitrided at 550 ℃ is 37.62 m2/g with a relatively total 
pore volume of 0.18 cm3/g, slightly larger than those 
nitrided at 600 ℃  (30.97 m2/g, 0.17 cm3/g) and   
650 ℃ (27.78 m2/g, 0.16 cm3/g) (Table S1 in the 
ESM) [43]. Ideally, the higher specific surface area of 
nanofibers could supply more active sites and efficiently 
promote electrolyte and ion diffusion, resulting in a 
better electrochemical performance despite other 
influencing factors [44–46]. Therefore, the VN 
nanofibers nitrided at 550 ℃ possess a great potential 
for exhibiting a more favorable double-layer capacitance.  

The obtained VN nanofibers were further assembled 
into symmetric all-solid-state SCs as illustrated in  
Fig. 5. Afterwards, a two-electrode cell is adopted to 
assess the performance of VN nanofibers for its 
application in SCs, using LiCl/PVA as solid-state 

electrolyte. Figure 6(a) shows the cyclic voltammetry 
(CV) performance of the VN nanofibers nitrided at  
550 ℃ within a scan rate varying from 5 to 200 mV/s 
under a stable electrochemical window of 0–1.0 V. The 
CV profiles of other samples are displayed in Fig. S2 
in the ESM. All the CV curves exhibit a rectangular- 
like shape with low variance at high scan rates, 
revealing a typical double-layer capacitance behavior. 
The mass specific capacitances are calculated based on 
the following equation:  

 
m 4

2 0.9

Q
C

V m v
 

  
  (3) 

where Cm is the mass specific capacitance (F/g), Q is 
the quantity of electricity (C) by integrating the CV 
curves, m is the gross mass (g) of the materials coated 
on the two working electrodes containing VN (90 wt%) 
and PVDF binder (10 wt%), ∆V is the potential 
window (V), and v is the scan rate (mV/s). As 
calculated by above equation, the nanofibers nitrided at 
550 ℃ can achieve a highest capacitance value of 
110.8 F/g at 5 mV/s. This achieved considerable mass 
specific capacitance might be attributed to two reasons 
as follows. Firstly, one-dimensional VN nanofibers can 
provide a large active surface area, which conduces to 
a shorten electron transport pathway. On the other hand, 
the mesoporous structure of VN nanofibers leads to 
fast electrolyte diffusion and lowers the charge transfer 
resistance. All of the above mentioned factors could 
enhance the performance of the SCs. 

 

 
 

Fig. 5  Overall assembly procedure of VN nanofiber-based all-solid-state SCs. 
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Fig. 6  (a) CV curves of VN nanofibers nitrided at 550 ℃ tested at various scan rate from 5 to 200 mV/s; (b) CV curves of all 
the samples at a scan rate of 5 mV/s; (c) Cm of these three samples plotted as a function of scan rate; (d) GDC curves collected 
from all the samples at 0.1 A/g.  

 
CV curves of all the samples are shown in Fig. 6(b), 

which indicate that the capacitance of the VN 
nanofibers nitrided at 550 ℃ is higher than that of the 
ones nitrided at 600 and 650 ℃. It could be attributed 
to more porous-fibrous structure with smaller VN 
nano-grains which increase cross-linked paths and 
holes for the adsorption of electrolyte. Herein, the 
nano-porous morphology and suitable crystal size 
promote the higher mass specific capacitance of VN 
nanofibers nitrided at 550 ℃. And a slight deviation in 
CV curves is observed in the voltammetric response 
because of the rate-limiting phenomena supposedly 
[47]. The corresponding mass specific capacitance of 
these three samples is plotted as a function of scan rate 
(Fig. 6(c)). VN nanofibers nitrided at 550 ℃ exhibit a 
highest mass specific capacitance of 110.8 F/g at    
5 mV/s, as compared to the ones nitrided at 600 and 
650 ℃ with 71.5 and 76.0 F/g, respectively.  

 

The galvanostatic discharge/charge (GDC) curves of 
all the samples at a current density of 0.1 A/g are 
displayed in Fig. 6(d). The GDC curves at other 
current densities are shown in Fig. S3 in the ESM. The 
symmetric triangular shape implies an excellent 
electric double-layer capacitance property [48], which 
is ascribed to a combination of high specific surface 

area, small particle size, and nano-porous structure of 
VN nanofibers according to the aforementioned 
analysis. The VN nanofibers nitrided at 550 ℃ not 
only exhibit the maximum discharge time but also 
show slightly lower “IR drop” than the other samples. 
This result indicates the lower internal resistance of the 
VN nanofibers nitrided at 550 ℃ . The specific 
capacitances (Cs) are calculated from their GDC curves 
on the basis of following formula:  

 
s 4

0.9

I t
C

V m


 
 

 (4) 

where I, ∆t, ∆V, and m are the constant current (A), 
discharging time (s), potential window during the 
discharge process after “IR drop” (V), and the total 
mass of the materials coated on two working 
electrodes (g) including VN (90 wt%) and binder 
PVDF (10 wt%), respectively. The Cs of a single 
electrode is 82.84 F/g at a current density of 0.1 A/g 
when VN nanofibers were nitrided at 550 ℃, 
demonstrating a good rate performance [49]. We infer 
that capacitive characteristic could be attributed to the 
contribution of the good adsorption of electrolyte and 
ion transport as well as favorable conductivity of VN 
nanofibers. These results fully suggest a good double- 
layer performance of the VN nanofiber-based symmetric  
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Fig. 7  EIS curves of VN nanofiber-based all-solid-state 
SCs nitrided at 550 ℃ with LiCl/PVA electrolyte. Inset: 
EIS curves at high frequency. 

 

all-solid-state SCs. 
The electrochemical impedance spectroscopy (EIS) 

measurement was performed to study the electrochemical 
and ion transport behavior of the VN nanofiber-based 
all-solid-state SCs. As shown in Fig. 7 and Fig. S4 in 
the ESM, a nearly vertical line in the low-frequency 
region and a semicircle shape at the high-frequency 
range are observed, which is indicative of a relatively 
ideal double-layer capacitance property of the VN 
nanofibers. The first intersection with the x-axis at the 
highest frequency represents a combined electric 
resistance (Rs), consisting of the inherent and ionic 
resistance of the electrode materials and the electric 
resistance of the connection between the current 
collector and the electrolyte [50]. Rs for the VN 
nanofiber-based all-solid-state SCs nitrided at 550 ℃ 
is 23.05 Ω, indicating lower equivalent series resistance 
(ESR) compared with the ones nitrided at 600 and   
650 ℃ with 33.1 and 35.4  respectively. The lower 
ESR makes electric ion easily go through the interface 
between the electrode and electrolyte [51,52]. Besides, 
the semicircle shape appearing at the high frequency  
 

range indicates the interfacial charge-transfer resistance 
(Rct) ascribed to the double-layer mechanism. The Rct 
of 4.24 Ω reveals the good ion transport diffusion of 
the VN nanofibers nitrided at 550 ℃. Both the low Rs 
and Rct add to the virtues of VN nanofiber-based all- 
solid-state SCs.  

To gain a further insight into the potential of VN 
nanofibers as electrode for all-solid-state SCs, the 
cycle performance for VN nanofiber-based all-solid- 
state SCs is of vital importance. Similar to battery, the 
long-term cycle stability is crucial for practical 
applications of SCs. The cycle life test was conducted 
through repeating GDC measurements of the VN 
nanofiber-based SCs between 0 and 1.0 V at a current 
density of 1 A/g for 2000 cycles. As depicted in Fig. 
8(a), the VN nanofiber-based all-solid-state SCs exhibit 
an excellent cycling stability, with 24.9% loss of 
capacitance after 2000 cycles. This good cycle 
performance can be contributed to the chemically stable 
VN nanofibers. Meanwhile, the energy and power 
density are another two important parameters for 
assessing the electrochemical performance of assembled 
all-solid-state SCs. The energy density and power 
density of the VN nanofiber-based all-solid-state SCs 
could be calculated from their GDC curves according 
to the following equations: 

 2

I V t
E

Ad

   
   (5) 

 /P E t   (6) 

where E is the energy density (W·h/cm3), P is the 
power density (W/cm3), I is the constant current (A), 
∆V is the potential window after “IR drop” (V), ∆t is 
the discharging time (h), A is the coating area (cm2) of 
VN nanofibers on ITO glass equivalent to 1 cm × 1 cm, 
and d is the average thickness of electrode materials  

 
 

Fig. 8  (a) Cycle performance and (b) Ragone plot of VN nanofiber-based all-solid-state SCs. Energy and power densities of 
recently reported symmetric all-solid-state SCs are provided for comparison. 
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(cm). The results are plotted in Fig. 8(b). Notably, the 
maximum energy density of 0.89 mW·h/cm3 and the 
power density of 0.016 W/cm3 are achieved at an 
operating potential within 1.0 V, which exceeds the 
volumetric energy densities for the reported symmetric 
all-solid-state SCs, such as TiN nanowire-based 
symmetric SCs (ca. 0.045 mW·h/cm3) [53], graphene 
symmetric SCs (ca. 0.06 mW·h/cm3) [54], and CNTs 
symmetric SCs (ca. 0.02 mW·h/cm3) [55]. Considering 
their long-term cycle life together with high energy 
and power density, VN nanofibers are anticipated to 
serve as an alternative high performance electrode for 
the SCs. 

4  Conclusions 

In summary, polyporous VN nanofibers have been 
successfully synthesized by a versatile electrospinning 
method followed by nitridation in ammonia atmosphere. 
The obtained VN nanofibers were further assembled 
into all-solid-state SCs and achieved a high capacitance 
value of 110.8 F/g. Additionally, the assembled VN 
nanofiber-based symmetric all-solid-state SCs reached 
a considerable volume energy of 0.89 mW·h/cm3 and a 
power density of 0.016 W/cm3. More importantly, the 
assembled all-solid-state SCs also exhibited an excellent 
cycling stability, with 24.9% loss of capacitance after 
2000 cycles. These results demonstrate that the 
electrospun VN nanofibers could be potentially used 
for energy storage devices. 
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