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Abstract
The sol–gel film method was employed to produce pure and Ti-doped  V2O5 in varying concentrations (1, 2, 3, and 4 mol%). 
The resulting materials were characterized using X-ray diffraction (XRD), scanning electron microscopy with energy disper-
sive X-ray spectroscopy (SEM–EDX), transmission electron microscopy (TEM), Brunauer–Emmett–Teller (BET) surface 
area analysis, and X-ray photoelectron spectroscopy (XPS) to assess their crystal structure, morphology, surface characteris-
tics, and elemental composition. XRD results indicated that all samples, whether pure or doped, crystallized in the orthorhom-
bic phase with a preferred orientation along the (101) plane. The introduction of doping reduced the crystallite size, which 
fell below 10 nm. SEM analysis revealed that the  V2O5 appeared as nanosheets. The impact of doping on electrochemical 
performance was evaluated using galvanostatic charge/discharge (GCD), electrochemical impedance spectroscopy (EIS), 
and cyclic voltammetry (CV) in a 1 M  LiNO3 electrolyte. The electrochemical tests demonstrated surface redox pseudoca-
pacitive behavior with reversible charge/discharge capabilities, and specific capacitance values ranged from 254.6 to 352.3 
F/g, depending on the sample composition, as determined by CV. The presence of dopants enhanced the electrochemical 
performance due to the multiple oxidation states of V and Ti, as well as the presence of oxygen vacancies  (VO

··). Specifically, 
the 4% Ti-doped  V2O5 exhibited a specific capacitance  (Csp) of 352.3 F/g, energy density  (Ed) of 43.3 Wh/kg, power density 
 (Pd) of 554.2 W/kg, and maintained 69.1% cycling stability over 10,000 cycles at 1 A/g.
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Introduction

Renewable energy storage has been universally used in the 
modernized world, such as in portable electronics, electric 
vehicles, and grid-scale energy storage. In the current tech-
nologies, as far as energy storage is involved, asymmetric 
hybrid supercapacitors have acquired considerable momen-
tum due to their working potential and energy density [1]. 

Transition metal oxides (TMO) have attracted the interest 
of researchers as potential supercapacitor electrode materi-
als [2].

Metal oxides' remarkable stability and electrochemical 
characteristics make them essential to the development of 
supercapacitors. These substances, which include cobalt 
oxide  (Co3O4), manganese oxide  (MnO2), and ruthenium 
oxide  (RuO2), are prized for their extended cycle life, high 
specific capacitance, and superior charge/discharge effi-
ciency [3]. The energy and power density of supercapaci-
tors are greatly increased by the reversible electrochemical 
reactions that metal oxides can undergo due to their redox-
active nature. To further enhance performance, metal oxides 
frequently have large surface areas and excellent electrical 
conductivity, which enable quick ion and electron move-
ment. Reliable operation over long periods of time is ensured 
by their capacity to retain structural integrity and stability 
under heavy charge/discharge cycles [4, 5]. Metal oxides 
are therefore essential to the advancement of supercapacitor 
technology for a range of applications, like energy storage 

 * Khaled Faisal Qasim 
 khaled.faisal@fsc.suezuni.edu.eg; 

khaled_faisal92@hotmail.com

 * M. M. El-Desoky 
 mmdesoky@suezuniv.edu.eg; mmdesoky@gmail.com

1 Chemistry Department, Faculty of Science, Suez University, 
Suez 43518, Egypt

2 Basic Science Department, Faculty of Engineering 
at Shoubra, Benha University, Benha, Egypt

3 Physics Department, Faculty of Science, Suez University, 
Suez 43518, Egypt

http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-024-06084-1&domain=pdf
http://orcid.org/0000-0003-3853-1504


 Journal of Solid State Electrochemistry

systems in electric vehicles, renewable energy integration, 
and portable electronic devices [6].

Vanadium is a transition metal component that naturally 
occurs as a mineral. Vanadium is less costly, greener, and 
less polluting than cobalt, ruthenium, and manganese. Vana-
dium is a multivalent metal compound because it includes 
five valence electrons in the uppermost layer of the element 
[7].  V5+ is the most stable, followed by  V4+, and  V3+ and 
 V2+ are among the least durable. As a result, many stud-
ies have been done on  V2O5,  VO2, and  V6O13 [8].  V2O5 is 
well recognized for its distinct layered structure and unique 
properties in electronics, optics, and electrochemistry. Addi-
tionally, it’s cheap, has simple synthesis, and has a range of 
chemical valence states. As a result, it is extensively used 
in lithium-ion batteries, smart material devices, sensors, 
capacitors, and catalysts [9].

The  V2O5 crystals possess an orthorhombic structure with 
lattice constants of a = 11.15 Å, b = 3.56 Å, and c = 4.37 Å 
[10]. The distorted  V2O5 structure depends on where the 
V in  V2O5 is located. The 3 different shapes of the 5 (O) 
atoms allow the  VO4 tetrahedral unit to be joined into a 
chain by the oxygen bridge. The 5th oxygen atom in a chain 
connects the two chains, creating a layered structure. The 
oxygen atoms in the other layer are then linked to those in 
the 1st layer, and 6 O atoms surround each vanadium atom. 
The distorted octahedron formed by the 0.28 nm layer gap 
eventually gives rise to a  V2O5 crystal [11].

In the 1960s, Tompkins proposed the idea of oxygen 
vacancy, regarded as a material in solid surface chemistry. 
The absence of oxygen atoms from the metallic oxide lat-
tice, which also occurs in composites containing oxygen, 
results in oxygen vacancies  (VO

··). This kind of hole will 
lead to crystal flaws and hasten the formation of holes in 
the lattice. This resulted in many oxygen vacancies in metal 
oxides, thus expanding the spectrum of potential uses for 
these materials [12–14].

Studies have shown that  V2O5 includes many thermally 
activated polarons that can serve as carriers for the intrinsic 
n-type semiconductor  V2O5 due to the high ratio of  (VO

··) 
during the high-temperature synthesis [9]. As a result,  O−2 
ions overflow brought by defects will be more agreeable to 
doping, significantly increasing ion transport efficiency in 
the electrochemical process [15].

However, the  V2O5 electrode material has poor cycling 
performance and tiny capacitance due to the intrinsically low 
conductivity and slow charge diffusion in the cycling pro-
cess, which limits its practical application. Numerous tech-
niques have been created to address this issue and enhance 
the electrochemical performance of  V2O5 [7]. For instance, 
the  V2O5 nanostructures' size and shape can be optimized 
through the composition and assembly process of  V2O5 
electrode nanostructures, which can successfully boost the 
mass and charge transfer of the electrode materials in the 

charge–discharge process and adapt to the volume change 
in the cycle process [11, 16].

For instance, Li et al. [17] found that the outstanding elec-
trochemical performance was due to the ultrathin nanoplate 
shape and sulfide concentration. Finally, research has been 
done on the  V2O5 nanomaterial for supercapacitors with 
various morphologies, including nanowires, nanosheets, and 
nanospheres Zhu et al. [18] disclosed  V2O5 nanosheet arrays 
with a specific capacitance of 451 F/g. Many researchers 
attempt to create composite materials using  V2O5 electrodes, 
carbon nanotubes, graphene, or conductive polymers in addi-
tion to designing their morphology and structure, to enhance 
the conductivity and chemical performance of the electrode/
electrolyte interface [19].

To create the higher-performing supercapacitor electrode 
(capacitance is up to 618 F/g), Bi et al. [20] combined  V2O5 
nanofilms with a variety of conductive polymers. Addition-
ally, the surface crystal structure of  V2O5 electrode materials 
can be altered using flaws. Because of the high concentration 
of oxygen vacancies during the high-temperature  V2O5 syn-
thesis, studies have demonstrated that the sample contains 
a significant amount of thermally activated polarons that 
can serve as carriers for the intrinsic n-type semiconductor 
 V2O5. Defect-induced oxygen ion overflow will therefore be 
more conducive to ion doping and adsorption, which will 
significantly increase the efficiency of ions being transported 
during the electrochemical reaction [15, 21].

V2O5 can be used for smart materials as electrochromic 
material owing to its varied oxidation states with differ-
ent colors. Salek et al. [22] prepared Ti-doped  V2O5 from 
a polyol process is reported. A high Ti concentration (up 
to 8.5 mol % of the total metallic content) can be inserted 
in vanadium oxide thanks to the synthesis route leading to 
nanometric crystallites as electrochromic materials. Films 
elaborated from a dip-coating process from oxide particle 
suspensions exhibited three distinct colorations during the 
redox cycling in lithium-based electrolytes. These colors 
were associated with three distinct oxidation states for the 
vanadium ions: + III (blue), + IV (green), and + V (orange). 
The morphology of the films was shown to drastically 
impact the electrochromic performances in terms of elec-
trochemical capacity and stability.

In light of the discussions above, improving the electro-
chemical performance of  V2O5-based electrodes for super-
capacitors is still essential. The results of this study make 
it clear that  VO

·· vacancy, a particular type of lattice defect, 
can control the electronic structure of transition metal oxides 
while maintaining the lattice's general invariance [17, 23]. 
This has a significant positive impact on the transition metal 
oxides' electrochemical properties [12, 24]. Additionally, 
oxygen vacancies can improve charge transmission in elec-
trode materials even when there are several layers between 
them and keep the electrode materials' structural integrity 
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during the electrochemical process. Therefore, the elec-
trode’s capacitance can be improved, and cycle times can 
be extended by introducing  VO

·· vacancies into transition 
metal oxides [25, 26].

In this study, we use sol–gel film method for preparation 
of pure and Ti-doped  V2O5 in varying concentrations (1, 
2, 3, and 4 mol%), which create oxygen vacancies. Hence, 
it increases the capacitive behaviour for supercapcitor 
applications.

Experimental

Preparation of x%Ti‑V2O5

Titanium dioxide  (TiO2), vanadium pentoxide  (V2O5) pow-
der, and  H2O2 were purchased from Sigma Aldrich with 
99.9% purity. Based on the used procedure before [27]. The 
gelation was not forming in 5 different samples of x%TiO2-
V2O5, where x = 0, 1, 2, 3, and 4 mol% as exceeding the 
 TiO2 content to more than 4.0 mol%. Then, for each concen-
tration, the doping weights of  TiO2 and  V2O5 are prepared 
and added to 30 ml of 25%  H2O2 with vigorous stirring to 
obtain a homogenous mixture. A thermal reaction starts and 
the mixture cools down while stirring, forming a gel. After 
the gel forms, we get the powder after leaving it in the air at 
room temperature for 2 weeks.

Materials characterizations and measurements

Cu-K with λ = 0.154 nm and a diffraction angle between 
15º and 80º was used in an X-ray diffractometer (Philips 
XL 40) to record the XRD patterns of the materials. The 
morphology of the materials and surface elemental analysis 
were analyzed with a scanning electron microscope (SEM/
EDX/EDX mapping) (JEOL-JSM-6510 LV). X-ray photo-
electron spectroscopy (XPS) studies were performed using a 
KRATOS XSAM-800 and calibrated by adventitious carbon.

Cyclic voltammetry (CV) and galvanostatic charge–dis-
charge (GCD) techniques were used using the Digi-Ivy 2116 
B instrument to determine the studied electrodes' energy 
storage capacity. EIS was measured by (Metrohm Auto Lab 
(PGSTAT 204), Netherlands, between 0.1 Hz and 100 kHz 
at a constant voltage of 20 mV. A cell with three electrodes 
was used to determine the electrochemical characteristics. 
The Ag/AgCl electrode and Pt foil served as reference and 
counter electrodes, respectively. CVs were run between -0.3 
and 0.7 V at scan rates between 5 and 100 mV/s. GCD was 
measured between 0.5 and 3 A/g of current density in 1 M 
 LiNO3 aqueous solution. For electrode preparation,  V2O5 
samples, carbon black, and polyvinylidene fluoride in the 
weight proportions of 80:10:10 were suspended in DMF to 
make a paste of mixture, then substrated on FTO glass and 

left to dry at 200 °C for 2 h to get the best adhesion of sam-
ples on the surface of FTO.

Results and discussions

Characterizations

Figure 1 shows the XRD patterns of the pure and doped 
 V2O5 samples. The diffraction peaks for  V2O5 are at 
2θ = 12.4°, 23.5°, 25.4°, 26.5°, 30.7°, 34.5°, 38.6°, 47°, 
50.5°, and 60.5°, corresponding to (200), (101), (110), (201), 
(301), (310), (401), (501), (020), (420) planes, respectively. 
They correspond to the  V2O5 orthorhombic phase structure 
(JCPDS card no. 41–1426) [28]. The same peaks were also 
seen in the XRD of the doped  V2O5. Additionally, it was 
noted that introducing dopant Ti ion into the  V2O5 made the 
(101) crystal plane move noticeably to the left. This shift is 
due to the presence of atoms with smaller substituted ionic 
radii (the ionic radius of  V5+ is 46 pm, which is smaller 
than Ti.4+ 60 pm) [29, 30]. These results suggest that the 
dopant was effectively generated in the (101) plane of the 
 V2O5 lattice. It’s noticed that Ti dopant increases lead to a 
decrease in the intensity of (101) for the plane (110), which 
means that the Ti dopants are oriented on the plane (101). In 
conclusion, The XRD results confirm no modification in the 
structure but a change in lattice parameters as  V2O5 exhibits 
orthorhombic structure with space group (Pmmn2), the lat-
tice constant (a), (b), and (c) is computed by using lattice 
space  dhkl using Eq. (1) [31]

The results obtained are also listed in Table 1, which 
shows an increase in the (a) lattice parameter, a decrease 
in the (c) lattice parameter, and the constancy of (b) of all 
doped materials. This substitution can promote the reduc-
tion of  Ti4+ to  Ti3+ to balance the charge [32]. This may be 
the reason for the change in the lattice constant parameter 
of the  V2O5 specimen because the ionic radius of  Ti3+ (67 
pm) is larger than that of  Ti4+ (60 pm) [30]. Those results 
were compared with data refined using Rietveld refinement 
and listed in Table 1.

The average crystallite size of  V2O5 samples was calcu-
lated using Scherrer-Debye Eq. (2) [31]

where λ is the X-ray wavelength employed, and β denotes 
(FWHM). The results are also reported in Table 1, illustrat-
ing that all the samples lie on the nanometer scale. Their 

(1)dhkl =

√

a2

h2
+

b2

k2
+

c2

l2

(2)D =
0.9 �

� cos �
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sizes drop when a dopant is added due to the difference in 
their ionic radii with the ionic radius of Ti [33].

The strain (ε) induced in the samples was calculated using 
Eqs. (3) and (4) [34]

The results are listed in Tables 1 and 2, which show an 
increase in the strain of pure  V2O5 due to the addition of the 
dopant ratio. This can be explained because the ionic radii of 
V ions are smaller than Ti [35]. Therefore, the replacement 

(3)�
s
= 4� tan �

(4)� =
� cos �

4

of  V5+ ions by  Ti4+ will lead to an increase in ε of  V2O5 
crystals [36]. The addition of dopants increases ε due to the 
shrinkage of the Lattice constant compared with pure  V2O5.

The dislocation density (ρD), which is defined as the 
length of the dislocation line per unit volume of the crystals, 
is calculated by using Eqs. (5) and (6) [37]

(5)�D=
1

D2

(6)�D=
15�

aD

Fig. 1  XRD and refinment of the prepared samples

Table 1  XRD and surface data of pure and doped  V2O5 samples

Sample SSA  (m2/g) Vr (nm) Scherer Debye Lattice Parameter Refinement

D (nm) δ (line/m2) ε
(×  10–3)

a (Å) b (Å) c (Å) V (Å3) a (Å) b (Å) c (Å) V (Å3)

V2O5 5.3 4.53 9.7 ± 0.12 8.12 ×  1015 2.56 11.94 3.56 4.12 175.12 11.85 3.516 4.05 168.7
1%Ti-V2O5 6.5 4.24 9.2 ± 0.09 1.02 ×  1016 2.94 11.51 3.56 4.36 178.65 11.61 3.547 4.37 179.9
2%Ti-V2O5 7.4 3.94 8.0 ± 0.12 1.57 ×  1016 4.36 10.35 3.56 4.91 180.91 10.33 3.597 4.82 179.0
3%Ti-V2O5 9.1 3.87 7.2 ± 0.08 8.31 ×  1015 4.62 9.81 3.57 5.28 184.91 9.95 3.627 5.31 191.6
4%Ti-V2O5 11.5 3.79 6.8 ± 0.08 2.28 ×  1016 5.86 9.72 3.58 5.34 185.81 9.83 3.635 5.37 191.8
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The results obtained are given in Tables 1 and 2), which 
shows that adding dopants leads to an increment in ρD value 
due to the dissimilarity of either ionic radii or valence charges 
between the substituted dopant and the host element. That 
increases the bulk deformation of crystals [36].

The following analysis assumes that the diffraction line 
widening due to crystallite size (βD) and crystal microstrain 
(βs) are additive quantities [30].

From Eq. (3, 4), it leads to the following relationship:

Rearranging Eq. (8), we obtain:

The outcomes are listed in Table 2, which demonstrates that 
doped  V2O5 samples have lower particle sizes than the pure 
ones. In the process,  VO

·· vacancy causes defects and partial 
amorphization, resulting in a reduction in crystallite size [38]. 
It is apparent that the (ε) and (ρD) for doped  V2O5 samples 
increase with dopant insertion due to the reduction in particle 
sizes [39].

Parameters of the W–H plots, as shown in Fig. 2, can be 
achieved by using averaged plots, which give less weight to 
reflections at high 2θ, where accuracy is often poorer. This 
approximation assumes a Lorentzian function for the crystal-
lite size profile and a Gaussian function for the strain profile 
[40]. As a result, we have:

K is a constant hanging on the particle shape; for spheri-
cal particles, K" = 3/4. In Fig. 1, the term (dhkl�hkl cos �)

2 is 
plotted as a function of d2hkl�hkl cos � for all orientations of 
 V2O5 samples, Results of the W–H and size-strain are shown 
in Fig. 2 and listed in Table 2.

Figure 3 shows SEM images of  V2O5 samples. Uniformly 
dispersed  V2O5 nanoparticles are seen in layered forms. 

(7)�
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The grain sizes of  V2O5 samples are observed to be in the 
order of ~ 10 μm to ~ 40 μm. This morphology enhances the 
surface that would aid the double-layer capacitance of the 
charge from the electrolyte into the bulk of the  V2O5.

The EDX and EDX mapping spectra in Fig. 4 confirm the 
elements present in the  V2O5 doped samples to be V, O, and 
Ti. The surface maps show the uniform distribution of ele-
ments in the  V2O5 nanosheet. The surface elemental analysis 
(atomic %) from EDX is listed in Table 3.

The TEM was also analyzed for  V2O5 samples using 
different magnifications to elucidate the sheet structure 
obtained as shown in Fig. 5. Addition of Ti dopant doesn’t 
affect the main morphology of  V2O5 with a varied range in 
the nanoscale.

The electrochemical performance, as shown later, 
demonstrated that doped samples of  V2O5 show better 
behaviors than pure ones due to the types of bonds and 
variations of valence states in doped samples, which can 
be analyzed using the XPS technique. The surface elemen-
tal analysis (atomic %) from XPS is listed in Table 3. As 
shown in Fig. 6 a,b, c are for 4% Ti-V2O5 and d,e are for 
pure  V2O5, the main elements are V, O, and Ti. V  (2p1/2) 
spectrum shows three peaks with binding energies of 516.1 
and 517.1 eV for  V+4 and  V+5. A slight shift has appeared 
in doped samples at 514.8, 516.1, and 517.1 eV, which 
are related to  V+3,  V+4, and  V+5, respectively [41–45] and 
refer to the presence of various oxidation states of V ions. 
The absence of  V3+ ion may rely on the lack of Ti dopant. 
O(1s) in pure  V2O5 shows peaks at 530.1 eV, 530.6, and 
531.9 eV related to V–O,  VO

·· vacancy [46, 47], and  H2O, 
respectively [42, 48, 49]. The doped sample shows a slight 
deviation for the same peaks from the pure  V2O5 at 529.6, 
530.5, and 532 eV related to V–O,  VO

·· vacancy [50], and 
 H2O, respectively. It's observed that the  VO

·· vacancy ratio 
increased with doping addition due to variation in ionic 
radius between  Ti4+ and  V5+. It's also confirmed by the 
presence of  V4+ and  V3+ reflecting the oxygen vacancy 
in the  V2O5 [51, 52]. Ti  (2p3/2) bands observed at 458.1 
eV and 458.6 eV are assigned for  Ti+3, and  Ti+4  (2p1/2), 
respectively [48].

For further assumed consideration of surface param-
eters,  N2 adsorption–desorption isotherms are studied 

Table 2  XRD data of samples 
using Williamson-Hall (W–H) 
functions

Sample Williamson-Hall (Eq. 9) Williamson-Hall (Eq. 10)

D (nm) δ (line/m2) ε
(×  10–3)

D (nm) δ (line/m2) ε
(×  10–3)

V2O5 10.3 ± 0.01 8.19 ×  1015 2.88 13.3 ± 0.007 5.6 ×  1015 2.56
1%Ti-V2O5 9.8 ± 0.012 1.06 ×  1016 3.58 12 ± 0.011 6.88 ×  1015 2.94
2%Ti-V2O5 8.6 ± 0.009 1.64 ×  1016 4.42 11.2 ± 0.013 7.9 ×  1015 4.36
3%Ti-V2O5 7.9 ± 0.007 2.07 ×  1016 5.69 9.2 ± 0.009 1.17 ×  1016 4.62
4%Ti-V2O5 7.4 ± 0.008 2.35 ×  1016 6.13 8.5 ± 0.01 1.4 ×  1016 5.86
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Fig. 2  W–H plots of the prepared samples

Fig. 3  SEM of a) pure, b) 1%, c) 2%, d) 3%, e) 4% Ti-doped  V2O5
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and revealed in Fig. 7. The isotherms of  V2O5 samples 
are classified as a typical type IV [53], which shows the 
mesoporous nature of the materials. The addition of dopant 
doesn’t change the isotherm type, but variation happened 
in surface parameters like specific surface area (SSA) and 
pore volume  (Vp). Surface parameters are listed in Table 1.

Electrochemical studies

To understand the storage mechanism and parameters, 
some electrochemical techniques should be performed 
to evaluate the material's ability and whether it can be 
used for energy storage applications. The electrochemical 
behavior of pure and doped  V2O5 is displayed in Figs. 8, 
9 and 10.

The galvanostatic charge–discharge (GCD) method 
was also used to investigate the electrodes' electrochemi-
cal behavior at a constant current density of 1 A/g. The 
results in Fig. 8a demonstrate that samples have a small IR 
drop. The electrodes'  Csp was estimated from the discharge 
cycle using Eq. 11 [54, 55].

where Δt is the discharge time, and ΔV is the potential range. 
Table 4 demonstrates the results and capacity enhancements 
for  V2O5 samples after dopant addition, and capacitance 
increases with increasing dopant ratio owing to the higher 
SSA and larger  Vp [56], which shortens the Li-ion route and 
speeds up  Li+ -ion diffusion [57]. These are consistent with 
what was gained from CV results.

(11)Csp =
I Δt

m ΔV

Fig. 4  EDX mapping of a) Ti, b) O, c) V, d) all elements, e) EDX of doped  V2O5

Table 3  Elemental ratio of the 
prepared materials

Sample SEM–EDX (Atomic %) XPS (Atomic %)

V O Ti V O Ti

V2O5 48.6 ± 1.9 51.4 ± 2.1 ––- 51.1 ± 1.4 48.9 ± 1.6 ––-
1%Ti-V2O5 47.3 ± 1.9 51.9 ± 2.1 0.7 ± 0.3 47.2 ± 1.4 52.3 ± 1.8 0.5 ± 0.2
2%Ti-V2O5 47 ± 3.1 51.3 ± 1.9 1.3 ± 0.4 46.4 ± 2.4 52.1 ± 2.1 1.4 ± 0.3
3%Ti-V2O5 46 ± 3.5 50.5 ± 1.5 2.5 ± 0.5 45.6 ± 3 50.5 ± 1.4 2.2 ± 0.3
4%Ti-V2O5 46 ± 3.8 50.5 ± 1.8 3.4 ± 0.7 44.4 ± 3.1 51.1 ± 1.7 3.4 ± 0.7
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Fig. 5  TEM of a) pure, b) 1%, c) 2%, d) 3%, e) 4% Ti-doped  V2O5

Fig. 6  XPS of pure and 4%Ti-V2O5
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Fig. 7  BET of the prepared samples

Fig. 8  Electrochemical studies of the prepared samples a) GCD at 1A/g, b) Ragone plot, c) capacitance-Scan rate relation, d) cycling stability 
for 10,000 cycles
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The energy density  (Ed) and power density  (Pd) are 
important parameters. They are calculated for the prepared 
 V2O5 samples using Eqs. (12, 13) [58], and listed in Table 4

(12)Ed =
1

2
Csp ΔV

2

Fig. 9  Electrochemical studies 
of the prepared samples a) CV 
at 10 mV/s, b) EIS

Fig. 10  Csp/ η relation after 10,000 cycles for the prepraed samples
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As shown in Fig. 8b, the Ragone plot of the prepared 
samples gives the supercapacitor behavior that shows an 
inverse relation (from the values of  Ed and  Pd at different 
current densities) [59].

For comparison with the previous studies, Table 5 shows 
the variation of morphology, dopants, and composing that 
affect the supercapacitive results.

For illustrating different capacitive mechanism types; CV 
is an appropriate technique. The prepared electrodes' CV 
was studied at 100, 50, 20, and 10 mV/s scanning rates. The 
redox peaks evident in the plots are caused by the redox of 
active sites at the electrodes. [65, 66].

Cyclic voltammetry (CV) of  V2O5 electrodes in 
Fig.  9a show surface redox pseudocapacitive behav-
ior [67] with a slight hump at + 0.2  V related to 
 V2O5 +  xLi+ +  xe− ↔   LixV2O5 process, which as a 
result of Li hopping in the  V2O5 crystal [68–70]. 
Doped  V2O5 has a slightly shifted hump at + 0.19  V 
besides the formation of 2 humps at 0.24 V and 0.48 V, 
which are related to  VO2+  +  H+  +  e−  ↔  VOH2+, and 
 2VO+  +  2H2O ↔  V2O4 +  4H+  +  2e− respectively [21]. The 
abundance of valence states of  V+n and  VO+n is related to 
adding Ti dopant that leads to  VO

·· vacancy formation and 
enriching with dopant ratio increment. The multiple oxi-
dation states of V, VO, and  O−2 help for the presence of 
surface redox pseudocapacitive behavior of samples. Using 
Eq. (11), the specific capacitance  (Csp) values of electrodes 
under investigation from CV were calculated [71] and given 
in Table 4.

where I is current, ΔV is applied potential, ν is scan rate, and 
m is the active material’s mass. As shown in Fig. 8c Specific 
capacitance is inversely proportional to scan rate, and the 
result is convenient with Eq. 14. For a deeper analysis of 
the capacitive behavior, the  bO value was determined using 
a power law using Eq. (15) [72, 73]

where  Im is the maximum current density in CV plots, and 
 ao and  bo are constant parameters. Equation 8 states that the 
 bO value generally equals 1.0 for non-diffusion-controlled 
surface capacitive and 0.5 for diffusion-controlled redox 
reaction [74]. As listed in Table 4,  bO value of pure  V2O5 
indicates the battery type. On the other hand,  bo values of 
doped samples show that the hybrid system performs the 
battery-supercapacitor hybrid mechanism [75]. For further 
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analysis, the following equation for current at a specific V 
is in Eq. 16 [76].

Solving for  k1 and  k2 at each potential allows for separat-
ing the diffusion and capacitive currents, respectively. It’s 
noticed from the  k1 and  k2 values in Table 4 that the charge 
tends to be higher for both diffusive and capacitive currents, 
owing to the increment of c-spacing with dopant addition 
that eases both diffusive and capacitive currents [77].

The Nyquist graphs for the investigated electrodes over 
the  10–2-105 Hz frequency range are shown in Fig. 9b. Cross-
ings of the Nyquist diagram on the  Z/-axis at higher fre-
quencies indicate the solution resistance.  (Rs). In the high-
frequency section, one depressed semicircle was generated 
by the charge transfer resistance  (Rct) at the electrode/elec-
trolyte interface, which is related to the surface property 
of the electrode [78]. A spike at the lower frequencies was 
present, which suggested supercapacitor behavior called 
Warburg impedance (W) [78], also referred to as the diffu-
sive resistance of  Li+ ions into the electrode. The semicircle 
that appeared at higher frequencies has been enlarged to bet-
ter comprehend the charge transfer mechanism at electro-
lyte–electrode contact [79].

As listed in Table 4, adding the dopant leads to decreased 
 Rct, which decreases with an increasing dopant ratio. This 
may relate to multiple oxidations of V, Ti, and enriching the 
 O−2 that ease the  Li+ ion diffusion.

The time constant (τ) of prepared electrodes was derived 
from angular frequency (ω) coordinated at the top of the 
semicircle using Eq. 17 [44]

Results are listed in Table 4, demonstrating the τ incre-
ment with dopant ratio increment, the remarkable power 
response sample shown by its small-time constants [80].

At a current density of 1 A/g, the electrochemical sta-
bility of examined electrodes was studied. The results are 
presented in Fig. 8d. They are summarised in Table 4, which 

(16)I(V) = k
1
v1∕2 + k

2
v

(17)� =
1

�

demonstrates that the stability of the electrodes hasn't altered 
after 10000 cycles with a significant value (4.6%) between 
the highest value (4%Ti-V2O5) and lowest value  (V2O5) of 
65–70% of their initial capacitances.

For further explanation of the cyclic retention after 
10,000 cycles, Fig. 10 shows a binary relation of  Csp, and η 
(coulmbic efficiency) to obtain further illustaration of elec-
trodes’ performance. η was calculated through the following 
equation [58]

where  td is discharge time, and  tc is charge time.

Conclusions

In conclusion, the electrochemical properties of pure and 
doped  V2O5 sol–gel films in a 1 M  LiNO3 electrolyte were 
examined to identify their potential as an electrode for 
energy storage. The electrochemical process was tested 
through GCD, EIS, and CV techniques. The difference in 
dopant ratio showed a pronounced effect on the samples' 
electrochemical properties. All the tested electrodes showed 
surface redox pseudocapacitive behavior. The best perfor-
mance was achieved for 4%Ti-V2O5, with the highest spe-
cific capacitance value of 313.6 F/g at 1 A/g. It also showed 
high performance of 89.6% for 1000 cycles 43.4 Wh/kg 
maximum energy density and 554.2 W/kg power density. 
The high performance of samples relies on incrementing the 
c lattice constant and  VO

·· vacancy that help for both capaci-
tive and diffusive charge storage. The results show the pos-
sibility of using Ti-doped  V2O5 as electrodes for relatively 
cheap energy storage devices.
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Table 5  Comparison study of  V2O5’s previous results

Composite Electrolyte Cycle retention (%) Csp Ref

V2O5 nanorods 0.5 M  H2SO4 83% after 5000 cycles 4.17 F /cm2 [59]
Ti-V2O5 1 M  LiClO4/ PC 119% after 2000 cycles 641 F/g [60]
Mn-V2O5 1 M  LiPF6 in (EC)/ (EMC) 80% after 50 cycles 253 mAh/g [61]
V2O5/MWCNTs 2 M  LiClO4 93% after 4000 cycles 160.1 F/g [62]
V2O5 2 M KCl 76% after 600 cycles 316 F/g [63]
Ti-V2O5/MWCNTs 1 M  H2SO4  ~ 113% after 400 cycles 310 F/g [64]
Ti-V2O5 1 M  LiNO3 69.1% after 10,000 cycles 352.3 F/g Present work
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