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A B S T R A C T   

Polyanionic vanadium silicon oxyfluoride, LiVSiO4F (VSF) nanowire synthesize through a dynamic simple spot 
method exposes a multi-redox behavior with excellent reversibility and minimal capacity fade as electrodes in Li- 
ion systems. However, the cycling performance of the electrode is under debate due to its conductivity and 
polyanionic nature. To address this, an increase in the ratio of a conductive agent like 10%, 20%, and 30% is 
intermixed with cathodes, and as a result, the cathodes reveal an increasing electrochemical performance for VSF 
30%. At a high current rate of 1Ag−1, VSF 20% and 30% express a specific capacity of 164 mAhg−1 and 230 
mAhg−1 respectively, which is higher than the theoretical capacity. This is due to the anionic redox nature of O 
and F, apart from transition metal vanadium. VSF 30% exhibits a higher power density of 300Wkg−1 with an 
energy density of 623WhKg−1 that can be applicable in high-power devices.   

1. Introduction 

Lithium (Li)-ion rechargeable batteries sustain the modern society 
decade after decades, even though the entire science behind the mech-
anism is yet unidentified. Moreover, the records in terms of the devel-
opment of batteries keep magnifying through the discoveries of novel 
and alternative electrode materials and electrolytes due to the 
increasing demand for high energy density and power density batteries 
with economic and environmental sustainability [1,2]. Supercapacitors 
are proved to possess higher power density, which seems like a critical 
factor for the start-up of heavy vehicles. On the other hand, batteries are 
capable of high energy density, promising the long-run for the electric 
vehicle. Indeed, it is challenging to fabricate an effective device that 
fulfils both the necessities and the researchers focus widely on this [3]. 
The electrode materials, majorly cathodes contribute a lot over the 
operation of the whole battery in terms of safety, cost, and energy 
density. Against this background, the development and innovation of 

efficient cathodes are a crucial one. In this regard, a cathode material is 
emphasized to obtain high energy density and power density [4,5]. 
Enormous works have been focussed on polyanionic compounds owing 
to their higher safety, structural and thermal stability, high voltage, etc 
[6–8]. Polyanionic compounds consisting of fluorine atoms, not only 
adds greater benefit to the overall stability of the material through the 
contribution of its highly electronegative nature but also helps with an 
increase in the electrochemical performance through voltage [9]. 
Tavorites are one of those structures with fluorine as one among the 
crystal composition. Most of the explored tavorites are fluorophosphate 
and fluorosulfates with a variety of transition metals in the crystal ge-
ometry [10,11]. The working potential along with the inductive effect 
between the polyanion and the ligand can be tuned in these tavorites by 
the utilization of various transition metals in the stoichiometry (LiM-
XO4Y). Among which the vanadium based Tavorites have attracted 
greater attention than the other transition metals due to its excellent 
properties [12]. In addition, there are still a lot of works that has to be 
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focused to bring the most out of the unexplored Tavorites, since the most 
explored Tavorites are with the polyanionic presence of phosphates and 
sulfates. Herein, with the transition metal as vanadium and with the 
polyanion as silicates, a vanadium based silicon oxyfluorides are being 
focussed, and is believed that these structures would be able to increase 
an energy density as well as power density for Li-ion batteries due to its 
uniqueness [13,14]. LiVSiO4F has been computationally investigated by 
M.E. Arroyo [15] and experimental/electrochemical investigation 
through solid state method previously [16]. Currently, Vanadium silicon 
oxyfluorides(VSF) are prepared through a rapid and dynamic simple 
spot method using a microwave reactor to facilitate the economic and 
environmental sustainability [17]. The reaction duration was tailored by 
varying from 5 min to 30 min under a constant temperature of 150 ◦C 
through stable radiation. 

2. Methodology 

2.1. Experimental 

2.1.1. Synthesis 
LiVSiO4F (VSF) is prepared by the dynamic high-pressure microwave 

reactor (Anton Parr Multiwave pro). The precursors – LiOH, V2O4, SiO2 
and NH4F are weighed based on stoichiometry and is dissolved in 80 mL 
of distilled water one over the other and kept for continuous stirring for 
a minimum of 30 min under a constant temperature of 60 ◦C. The ob-
tained solution is then transferred to a Teflon test tube and is set into the 
microwave reactor. The reaction was processed under variable reaction 
duration with an interval of 5 min at a constant temperature of 150 ◦C. 
The product obtained with a reaction time of 15 min has been finalized 
and is named VSF (Fig. S1) [18]. 

2.1.2. Characterization techniques 
Powder X-ray diffraction (PXRD) analyses were recorded on (PXRD, 

PANalytical India, Spectris Technologies) with Cu Ka radiation (λ 

¼1.5406 Å). FTIR spectra were obtained in the range from 400 to 4000 
cm−1 by a Fourier transforms infrared (FTIR) spectrophotometer (Per-
kinElmer Spectrum One, Perkin- Elmer Co., USA). Cyclic Voltammetry 
(CV), charge-discharge and Electrochemical Impedance Spectroscopy 
(EIS) studies of half-cells were performed on a Biologic electrochemical 
workstation (BioLogic–SAS, VSP-300), Neware battery testing instru-
ment (Neware, BTS4000, China) and (Origa flex OGF500 & OGF10A), 
Origalys Electrochem. France. 

2.1.3. Cathode fabrication 
The positive electrode material was fabricated by the grinding of 

active material (VSF), Carbon black (conducting agent), PVDF binder in 
8:1:1 ratio until a homogeneous mixture is obtained. It then proceeds for 
the preparation of viscous slurry using NMP as a solvent. The slurry is 
then coated onto the aluminium foil (current collector) and vacuum 
dried overnight at 80 ◦C. The dried electrode was flattened using a Dual- 
roller Electric Calendaring Machine, TMAX, China, and was punched out 
with a diameter of 15 mm. The punched electrodes were then dried 
again at 80 ◦C for 6 h to remove the excess impurities. The material with 
10%, 20% and 30% carbon black is named VSF 10%, VSF 20% and VSF 
30%. The conductive agent was not taken beyond 30%, since the carbon 
black may dominate the whole electrochemistry than the VSF cathode 
materials. 

2.1.4. Coin-cell assembly: 
The dried electrodes were used as a cathode during the coin cell 

fabrication inside the argon-filled glovebox (Nichwell α-1800(α-1800P- 
P-400R) (4 Ports), USA). The Li metal foil, GF (glass fiber), and 1 M LiPF6 
in EC: DMC (1:1) served as the counter electrode, separator and elec-
trolyte respectively, during the half-cell fabrication and these were 
assembled and crimped to obtain a standard CR2032-coin cell [16]. 

2.2. Computational 

The DFT calculations on the periodic LiVSiO4F crystal structure were 
computed by projector augmented wave (PAW) pseudo potentials which 
are implemented on the VASP [19,20] program. This PAW [21,22] 
method was used to represent the core and valence electrons of the 
cathode material. The exchange correlation functional are expressed by 
Perdew − Burke − Ernzerhof [23] (PBEsol) with generalized-gradient 
approximations (GGA) and the hybrid functional of Heyd-Scuseria- 
Ernzerhof (HSE06) [24,25] which are used to opens the band gap of 
the tavorite material. The energy 500 eV cutoff was fixed for all elec-
tronic structure calculations and structural relaxations of LiVSiO4F 
material were done by the conjugate algorithm until forces on all atoms 
were below 0.01 eV/Å. The Brillouin zone sampling of the tavorite 
material was carried out by 3 × 3 × 2 Γ-centered through Monkhorst- 
Pack [26]. The Hubbard-U method was adopted to interpret the strong 
correlation among the d electrons of the vanadium atoms. The effective 
U values of vanadium (V) and lithium (Li) atoms are 3.0 and 4.0, 
respectively, which are obtained from earlier reports [27–29]. 

3. Results and discussion 

3.1. Physical 

Fig. 1a depicts the XRD pattern of VSF obtained with a reaction 
duration of 15 min, which was optimized for further investigation due to 
the reason of minimal secondary products. The diffraction peaks 
observed in the XRD pattern correlate well with standard JCPDS cards 
for compounds LiVO3, Li2SiO3, LiF and SiO2, confirming that the final 
product has been formed with the presence of every desired element 
[16]. To further understand the material’s stability with respect to 
temperature, the TGA-DSC plot (Fig. 1b) is preferred. From the TGA 
curves, a weight loss of about 3.29% is observed at 200 ◦C due to the 
presence of moisture in the sample. Later, at the end of 500 ◦C, a total of 
9.4% weight loss is resulted due to the removal of secondary products. 
Besides, most of the peaks in the DSC plot states that the reaction is 
processed in an endothermic nature with a positive enthalpy [30]. On 
the whole, VSF manages to possess good thermal stability with a weight 
loss of only 11.94% at the end of 900 ◦C. This particular stability drives 
for the VSF to have a prominent electrochemical result even at sensitive 
mode operations. XPS analysis was performed to further analyse the 
chemical composition of the sample and majorly vanadium, as it is the 
element accountable for the redox reactions. From the V2p spectrum, it 
is observed that the peak exhibited at 524.2 and 525.8 eV corresponds to 
V2p1/2 whereas the peak at 518 eV is of V2p3/2(Fig. 1c). Thus, it is 
evident that the material possessed V4+/V5+ oxidation states. Also, due 
to the presence of oxygen in the poly-anionic compound, these peaks are 
found to be influenced by V-O bonds. Considering the Si2p spectrum, 
two peaks were observed at 100.6 eV and 104.8 eV, which are owed to 
the bonding nature of O with Si to form SiO2. The peak visualised at 531 
and 533.3 eV in the O1s spectrum pertains to that of metal oxides, while 
F1s spectrum expose peak at 686 eV which corresponds to the existence 
of oxyfluorides (Fig. 1d-f) and the XPS analysis for the other elements 
are provided in Fig. S2 [31,32]. 

It is well-known that the morphology being one of the foremost 
contributor towards the intense electrochemical reactions [33], VSF is 
found to be of wire-like structures with the nanoscale dimension through 
microscopic studies such as FE-TEM and FE-SEM. Apart from the 
nanowire morphology, a few solid blocks are also visible in the FE-SEM 
images of VSF. It is a known fact that the nanomaterials easily tend to 
agglomerate or aggregate. Hence, this dual morphology can be attrib-
uted to the aggregation of nanowires to result in a bulky morphology. 
Further, in Fig. 2c, a single nanowire is observed with a diameter of 
about 75 nm. Fig. S3 displays the histogram stating the average particle 
size to be 6.954 nm. The elemental mapping images are showcased in 
Fig. 3 for all the elements, and their corresponding atomic percentage 
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obtained from EDXA. 

3.2. Computational 

To have a better understanding of the crystal structure of the mate-
rial, the structure is computationally obtained and the optimized 

geometries are shown in Fig. 4a. The partial electron density of states 
(PDOS) of VSF (Fig. 4b) and the PDOS plots of individual atomic species 
(Fig. S4) are calculated. It is found that the overlap contribution of V 
and O atoms to PDOS is close to the Fermi region which is significantly 
higher than the other atoms in VSF. For example, other atoms such as Li, 
F, and Si contribute very little in PDOS near the Fermi region. Among 

Fig. 1. (a) XRD pattern (b) TGA-DSC profile and XPS spectrum of (c) V 2p, (d) Si 2p, (e) O 1 s, (f) F1s, for VSF (Vanadium silicon oxyfluoride).  

Fig. 2. FETEM images at (a) 200 nm, (b) 1 µm, (c) 50 nm and FESEM images at (d) 3 µm, (e) 1 µm and (f) 500 nm of VSF.  
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these, F atom displays a slightly higher contribution particularly in 
positive energy levels near the Fermi region. This may be due to the 
higher number of electrons (or lone pair electrons) present in fluorine 
when it is compared to the lithium and silicon. Further, the higher 
contribution arising from V, O, and F atoms near to the Fermi region is 
anticipated to play a critical role in the anionic redox behavior of the 
material [34,35]. The electronic properties of VSF are analyzed by the 
band structure which is calculated by high symmetry K-points across the 
first Brillouin zone. The calculated band structure of LiVSiO4F is 

presented in Fig. S4. It shows that the Fermi level is very close to the zero 
point, and VSF behaves as a semiconductor with an energy gap of 1.25 
eV. This computed value is in good accordance with the previous 
theoretical reports on pristine LiVPO4F, which is 1.75 eV. In the band 
structure the bottom of the conduction band and the top of the valence 
band recline on Γ and X points of the first Brillouin zone, respectively. 
Thus, VSF is a semiconductor with an indirect band gap. The experi-
mental band-gap of VSF is identified using the Tauc plot through UV-Vis 
spectroscopic technique (Fig. S4g). The band gap was determined to be 

Fig. 3. (a-e) Elemental mapping FESEM image of a single nanowire displaying the presence of elements V, Si, O, and F; (f) atomic percentage of elements obtained 
from EDXA. 

Fig. 4. (a) Optimized geometries of crystal structure were computed, the individual atoms are represented by different colors; (b) Total partial electron density of 
states (PDOS) of VSF, the different colors of peaks represent the individual elements presented in the crystal unit; (c) Schematic of Li+ intercalation/de-intercalation 
in VSF. 
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4 eV for VSF 20%, which confirms its insulating nature. This nature has 
benefitted the electrochemical behaviour by the decreased reactivity of 
the cathode material with electrolyte and facilitating higher diffusion 
with negligible side reactions inside the battery system. 

3.3. Electrochemical 

Poly-anions, being a class of emerging structures, offer a great range 
of benefits for the electrochemistry of the material. Hence, VSF is ex-
pected to perform well on grounds of its poly-anionic behavior. In 
general, the electrodes for a battery constitute of a conductive carbon 
and binder in minor amount along with majority of active material, 
where the inclusion of conductive carbon is extensively proved to 
improve the conductivity of the electrode. In our case, poly-anionic 
cathode materials are known to suffer from conductivity issues, thus 
the conductive agent (carbon) was preferred in order to further increase 
the conductivity of the VSF cathodes for the better performance of the 
battery system. Hence, VSF has been fabricated with different ratios of 
conductive agent-carbon black (CB) and are named as VSF 10%, VSF 
20% and VSF 30% (with 10, 20 and 30% of CB in it). By default, VSF 
possessed 10% of carbon black. To examine VSF on the capability to act 
as a positive electrode for Li-ion batteries, a series of electrochemical 
techniques were performed at room temperature. Cyclic voltammogram 
(CV) results unveil the excellent redox property with multiple peaks for 
reduction and oxidation. Fig. 5a displays the CV of VSF 10% at a scan 
rate of 0.1 mVs−1 in 2.0–4.5 V potential range. As deduced from the 
voltammogram curves, four distinct peaks were observed at 2.6 V, 2.9 V, 
3.2 V and 3.6 V for oxidation and 2.3 V, 2.6 V, 3.1 V and 3.5 V for 
reduction processes. At the end of 6 cycles, all the peaks are well 
retained proving the reversibility of the material, except for the fact that 
the reduction peak at 3.1 V is slightly suppressed, which might be due to 
the influence of side products that get decomposed/passivated later. It is 
worth mentioning that the as-prepared polyanionic materials are 
capable of undergoing multiple Li-ion intercalation/de-intercalation, 
thereby it can enhance the electrochemical kinetic performance of a 
battery. Further, the voltammogram revealed that the VSF is highly 
electro-active with the majority of the couple due to V4+/V5+ redox 
behaviour. These results also correlate well with the V2p XPS spectra of 
the material [36]. The CV profile of VSF 20% and VSF 30% is displayed 

in Fig. S4. Fig. 5b depicts the comparative galvanostatic charge/ 
discharge profile of VSF at a rate of 1C with a cut-off voltage of 2.0–4.5 V 
for the second cycle. From the profile, it is clear that it coerces well with 
the CV graph showcasing the redox peaks with plateaus. To promote 
this, dQ/dV graph is plotted and can be seen in Fig. 5c. A specific 
discharge capacity of 92, 95 and 103mAhg−1 is obtained for VSF 10%, 
20% and 30% respectively, while the theoretical specific capacity of the 
materials stood at 158.6mAhg−1. Furthermore, an increase in the per-
centage of a conductive agent is found to increase the specific capacity of 
the material. Additionally, it also aided in the achievement of higher 
energy density and power density for the VSF cathodes, by mitigating 
the side reactions and increasing reversibility [16,37–39]. This states 
that conductivity acts as one of the crucial roles in the electrochemical 
performance of VSF. In comparison to the other cathode materials that 
are already available, VSF possesses the capability to achieve excellent 
reversibility of Li-ions during insertion/extraction kinetics, which re-
sults in a very negligible capacity fading that is mainly attributed to the 
structurally stable geometry of VSF. To support this statement, the sta-
bility of VSF is calculated by bader charge transfer analysis computa-
tionally. The corresponding values are given in Table. S1. The calculated 
net charge of Li1 and Li2 atoms in the VSF structure is + 1.00 e, which is 
exactly close to the reported theoretical value. From these results, it is 
clearly evident that the formation of the ionic Li-O bond is due to the 
coulombic effect [40]. The computed net charges of V, O and F ions in 
VO4F2 of LiVSiO4F structure clearly confirms the existence of the octa-
hedral units in the crystal structure. This reaffirms that the stability of 
VSF is caused by VO4F2 owing to the strong molecular covalent inter-
action. The comparative cycle life plot is shown in Fig. 5d where a 
similar capacity of 56–60% is retained for all the cathodes while their 
coulombic efficiency is approximately ~ 99%. As observed, all the 
compositions of VSF electrodes exhibit decay in the specific capacity. In 
terms of battery chemistries, the use of carbon as conductive agent 
promotes not only the conductivity but also the volume changes, how-
ever in the case of VSF, the degradation in the specific capacity is rather 
a phenomenon promoted by the activity of cationic and anionic species, 
namely the V, O and F, respectively. This aspect could be understood 
better in terms of correlating the electrochemical characteristics with 
the theoretical studies. Considering the theoretical calculations, the 
higher contributions of elements V, O and F towards the Fermi level is 

Fig. 5. (a) Cyclic voltammogram of VSF 10%, (b) comparative charge-discharge profile at 1C rate, (c) dQ/dV plot (d) long-term cycling graph with corresponding 
coulombic efficiencies, (e) comparative rate capability profile of cathodes. 
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anticipated to have a greater role towards the anionic redox behaviour 
(Fig. S5, S4), thus the VSF could undergo both cationic and anionic 
redox process within the battery system. These theoretical results are 
validated experimentally through the electrochemical studies involving 
cyclic voltammetry, charge/discharge and differential analysis (Fig. 5). 
Considering the voltammetry and differential studies, there appears 
redox contribution at higher potential around 3.5 V which is also owed 
to the participation of anionic species in the electrochemical reaction. 
Apparently, these anionic redox behaviours along with the regular 
cationic redox process expose the high specific capacity to the VSF 
electrodes [41,42]. However, with an increase in the cycle numbers, the 
contribution from anionic species F becomes more vulnerable with the 
electrolytic system to form more inactive species leading to capacity 
degradation to the VSF electrodes in spite of the presence of carbon [40]. 
Fig. 5e displays the comparative rate capability profile of all cathodes. 
The profile shows that VSF 10% and 20% is retainins the specific ca-
pacity back to 0.1C, after its subjection to higher current densities while 
VSF 30% did not retain. This is attributed to the huge volume expansion 
of the cathode material upon addition of higher percentage of carbon 
into it (exceeding the saturation point). It relates well with the band gap 
of the cathodes. And this gradually leads towards structural distortion 
making the material difficult to withstand higher current densities. The 
volume expansion was calculated previously for VSF as 21.9%. An 
addition of carbon into the VSF electrodes would result in a higher 
percentage of volume expansion, thus making it obvious that the 
structural and anti-site defects take place for VSF 30%. Consequently, 
VSF 20% ascertains as a rate-capable cathode material than its ana-
logues (VSF 10% and VSF 30%) by a better specific capacity retention 

[16]. It also confirms that a 20% of conductive agent addition does not 
bring any commotion and serves as a saturation point, beyond which the 
volumetric expansion happens causing a variety of electrochemical 
issues. 

Fig. 6a-b displays the cycling graph of VSF 20% and VSF 30% at a 
higher current density of 1Ag−1. It is observed that the specific capacity 
is higher for few initial cycles, after which the specific capacity falls 
back. This deviation can be reasoned with many side reactions that 
occur due to the stable intermediates during the discharge [44]. Fig. S6a 
reveals the comparative long-term cycling plot obtained by cycling at 
high current rate of 1Ag−1 for 200 cycles. It is observed that the specific 
discharge capacities are 84, 164 and 230mAhg−1 for VSF 10%, 20% and 
30% for the 2nd cycle, and 78, 104 and 68mAhg−1 for the 200th cycle 
respectively.Unlike most cathodes, the specific capacity does not fall to 
the lowest value even under higher current density and prolonged usage 
[14,45]. Even though VSF possesses less theoretical capacity, it proves 
its strength by its cycling performance at a high current density of 
1Ag−1. Upon subjecting the Li-ion cells to higher current loads, the 
specific capacity increased when it is compared with the specific ca-
pacity obtained at lower current loads, which might be associated to the 
electrochemical participation of both VSF and carbon to deliver 
improved performances. It is worth to mention that the higher charge/ 
discharge capability of the electrode is anticipated through the 
involvement of carbon along with the VSF active material which 
cumulatively aids in storing the charges at higher current loads through 
the non-faradaic process that occur at carbon (non-redox process) and 
faradaic process at VSF (redox process). Thus, the electrodes exhibited 
an improved charge storage behaviour at higher current loads than the 

Fig. 6. Charge-discharge profile at 1Ag−1 of (a) VSF 20% and (b) VSF 30%; EIS graph (c) before cycling and (d) after 100 cycles for VSF 10%, 20% and 30% 
respectively [43] 
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lower current [46]. Moreover, the occurrence of these fluctuations 
especially at high current rate is because that the cathode material is also 
highly influenced by the drastic current imposed on it. This further leads 
in disturbance to the electrodes causing variation on the current 
generated at the electrode surfaces [47]. Additionally, the lower current 
loads does not cause severe diffusion and migration of ions and elec-
trons, thus they move favourably, whereas the higher current loads 
agitates the whole electrode system with facile kinetics of ions and 
electrons which makes the carbon to involve in non-faradaic charge 
storage which leads to higher specific capacity. From these values, it is 
notable that the VSF 20% and 30% exhibits a capacity that is even higher 
than their theoretical capacity, this particular deviation occurs only at 
higher current density. The possible solutions might be: (a) the redox 
behaviour of anionic elements O and F apart from cationic V. As deduced 
through the computational studies, the results of the band structure 
calculations termed that V, O and F play a major role in redox reactions. 
Hence, it is suspected that when too much of current density is applied, 
restructuring takes place, so that O and F participate in an anionic redox 
reaction as well. Similarly, there might be the possibility of other ele-
ments that are present in the electrolyte to take part in short-term re-
actions [48,49], (b), as per Deng et al, a structural reformation 
intervenes during Li+ insertion into VO4F2, which possibly minimizes 
the polarization leading to a higher voltage [37]. Thus, this may serve as 
one of the essential idea of exploring VSF to the finest electrode. The 
highest power density of 300WKg−1 is exhibited by VSF 30%, while its 
energy density being 623WhKg−1, which is higher when compared to 
LCO (LiCoO2) and LFP (LiFePO4) [50]. Such an interesting property of 
VSF to be triggered and tuned by the current density to produce higher 
power and energy density is displayed with the help of Ragone plot for 
VSF 10%, 20% and 30% as given in Fig. S6. The EIS spectra for the 
cathodes obtained before and after 100 cycles are displayed in Fig. 6c-d. 
The EIS plot consisted of a depressed semicircle starting at the high 
frequency followed by a low frequency slope. The initial gap left in the 
EIS plot on the x-axis is a sign of solution resistance (Rs), which is 

majorly due to the electrolyte and intrinsic resistance inside the cell. As 
supposedly known, the internal resistance is in the order of VSF 10%>

VSF 20%>VSF 30%. This correlates well with the electrochemical re-
sults as discussed above. It also states that the inclusion of conductive 
agent to VSF has a positive influence on the battery by the decreased Rs. 
The diameter of the semicircle indicates the effect of charge transfer 
resistance (Rct) due to the continuous flow of Li-ions inside the battery 
system. Warburg resistance (W) which occur during the low frequency is 
depicted by the slope. In ideal cases, the slope is always inclined at 45◦, 
where a perfect diffusion takes place. Fig. S6c depicts the derivation of 
Rs and Rct from the EIS plot along with its equivalent circuit. As seen in 
the EIS plot above, the slope is not ideal, indicating the possibilities for 
bizarre Li-ion diffusion. The EIS spectra performed after cycling studies 
show a very large resistance on the whole for all the cathodes, which is 
majorly due to the solid electrolyte interface and dead Li deposition on 
the interface [43,51]. 

Fig. 7 visualizes the relation between the performances of the VSF 
nanowires with the increasing ratio of conductive agent. It is evident 
that the increase in conductive agent to VSF, influences the morphology. 
This addition of carbon to VSF nanowires can neglect the interfacial 
bonding strength, thereby more space for Li insertion/extraction. It is 
expected that the carbon is in close proximity with nanowires through 
weak intermolecular forces. As the carbon content increases, the diam-
eter of nanowires increases while their length decreases. This eventually 
leads to better conductivity for the electrodes while their bandgap 
moves towards a lower value. Also, a lot of factors such as mechanical 
stability, mobility, carrier concentration and diffusion can also be 
enhanced [52,53]. This might be the justification for an increasing order 
of power density exhibited by the VSF cathodes as seen in Fig. S6. 

3.4. Kinetics 

The comparative time vs. potential plot (Fig. 8a) disclosed the 
voltage drop that existed. Also, it shows that the voltage drop decreases 

Fig. 7. Visualization of VSF nanowires with respect to the addition of conductive agent (Carbon) and their influence on power density.  

K.P. Kirubakaran et al.                                                                                                                                                                                                                        



Materials Science & Engineering B 269 (2021) 115164

8

with increasing conductivity. Additionally, to study the kinetics of the 
electrodes, GITT was performed in the voltage range 2.0 to 4.5 V at 0.1C 
rate with a relaxation period of about 10 min. The GITT profile is shown 
in Fig. 8b displays a lengthy horizontal region during the charge at 3.2 V 
and 4 V as a consequence of polarization and heavy internal resistance 
experienced by the cathode. It can also be assigned to the chemical 
crossover from anode to cathode and vice versa, thereby inhibiting the 
mobility of charge carriers. The GITT profile of VSF 30% can be viewed 
in Fig. S7 for a detailed vision. In terms of specific capacity, the results 
displayed (Fig. 8b) are slightly deviating as the GITT profile of VSF 10% 
and 20% yields a higher capacity than 30%. Also, this does not affect the 
optimized 30%, since it is free from voltage restrictions and polarization 
to yield a stable performance, while 10% and 20% suffer from the same. 
From the GITT studies, it is known that the VSF as cathode material 
possesses certain drawbacks at lower current density (which is reaf-
firmed with cycling behaviour at lower current density-Fig. S8). Fig. 8c, 
d, unveils the diffusion coefficient and electrical mobility over potential 
respectively [54]. It is evident that, both the diffusion and mobility is 
higher at redox potentials while they are stable at other voltage condi-
tions. This is majorly because of the release of ions caused by reversible 
reactions leading to higher mobility [55]. Fig. 9 demonstrates the 
development of Vanadium silicon-oxyfluoride nanowires for Lithium- 
ion batteries as a cathode active material through a schematic 
representation. 

4. Conclusions 

In summary, this work provoked the polyanionic material in order to 
meet the commercialization demands during the material 
manufacturing and various possibilities to explore cathodes with higher 
power density. VSF, synthesized by a dynamic simple spot synthesis 
route, exposed the multi-redox behaviour with both anionic and cationic 
participation in electrochemistry. Further, the material showed high 
rate capability, thermal stability, reversibility, 99% coulombic effi-
ciency and high power density. In addition, the computational and ki-
netic parameters have also been investigated. On the whole, VSF 
cathodes can be tuned by the application of current density to provide 
higher power densities. Consequently, tunable VSF cathodes with mul-
tiple redox behavior may open new approaches towards the high rate 
lithium-ion storage applications. 
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