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A B S T R A C T

High-voltage fluorophosphate cathode materials have emerged as promising candidates for next-generation 
lithium-ion batteries, offering enhanced safety, energy density, and stability compared to conventional oxide- 
based materials. In this study we investigate the effects of manganese doping on the structural and electro
chemical properties of LiVPO4F cathode material synthesized via an optimized and simple sol-gel method. A 
series of LiV1–2y/3MnyPO4F/C (y 0, 0.03, 0.09, 0.15) compositions was successfully prepared and characterized 
to highlight the impact of Mn substitution on structural stability and electrochemical performance. X-ray 
diffraction analysis confirmed the preservation of the initial crystal structure of the undoped material for 
manganese content up to y 0.09, while higher concentration (y 0.15) leads to the appearance of secondary 
phases. The successful incorporation of Mn was confirmed by systematic shifts in diffraction peaks and changes 
in the unit cell parameters. Electrochemical characterization revealed that the optimized composition (y 0.09) 
delivered a remarkable discharge capacity of 150 mAh/g at C/5, approaching the theoretical capacity of 153 
mAh/g, with 98 % capacity retention after 100 cycles. Notably, all compositions demonstrated excellent thermal 
stability at 50 ◦C. Once again, the composition corresponding to y 0.09 shows the best performance as it 
maintains a discharge capacity of 149 mAh/g with minimal capacity fade (≈0.7 %) after 50 cycles. Rate 
capability tests showed enhanced performance for Mn-doped samples, particularly at higher C-rates, attributed to 
improved charge transfer kinetics and structural stability. The enhanced performance is attributed to the syn
ergistic effects of successful Mn incorporation and the uniform carbon coating derived from the in-situ 
carbonization of citric acid. These results demonstrate the effectiveness of our synthetic approach in devel
oping high-performance cathode materials for advanced lithium-ion batteries.

1. Introduction

The surge in portable devices, electric vehicles, and grid energy
storage has driven an evolving demand for reliable and efficient energy 
storage solutions. Lithium-ion batteries (LIBs) have emerged as domi
nant technology in this field, offering high energy density, durability, 
and comparatively low capacity fade [1]. However, the performance 
and efficiency of LIBs are largely tied to the properties of their cathode 
materials, which play a significant role in defining the battery’s energy 
density, cycle life, and stability. Thus, continuous research and 

development in cathode materials remain essential for further 
improving LIBs capabilities and satisfying the growing energy storage 
demands.

Currently, commercial LIBs primarily utilize transition metal oxide 
cathodes such as LiCoO₂ and Li(Ni1-x-yMnxCoy)O₂ (NMC) [2,3]. While 
these oxides have achieved commercial success, they face notable lim
itations, particularly in terms of rapid voltage decay with cycling, rate 
capability, low safety and high cost (especially due to cobalt content) 
[4]. To address these issues, spinel oxides, LiM2O4, and layered oxides, 
LiMO2 (where M= Co, Ni, Mn, Al), have been developed, offering higher 

* Corresponding author.
E-mail address: Ismael.SAADOUNE@um6p.ma (I. Saadoune).

https://orcid.org/0000-0003-1322-361X
https://orcid.org/0000-0003-1322-361X
mailto:Ismael.SAADOUNE@um6p.ma


operating voltage (>4.3 V) and improved theoretical capacities [5,6]. 
However, these high-voltage oxides are limited by low thermal stability, 
as fast charging can lead to the formation of metastable phases prone to 
decomposition and oxygen release, raising safety concerns. In addition, 
their sensitivity to moisture makes them hard to process and can 
significantly shorten their lifetime. Furthermore, Mn-dissolution from 
the cathode into the electrolyte during cycling leads to poor electro
chemical performance, resulting in capacity fading [7,8].

To address these challenges, extensive studies have been conducted 
by researchers worldwide investigating polyanion-based cathode ma
terials as promising alternatives. These compounds, which include 
phosphates, sulfates, and silicates, offer enhanced structural stability 
due to the strong covalent bonding within the polyanion groups (e.g., 
PO₄³⁻, SiO₄⁴⁻, SO₄²⁻), and potentially higher operating voltages 
compared to their oxide counterparts. These improvements can enhance 
the safety and lifespan of the batteries [9]. Among these, LiFePO4 (LFP), 
a widely used cathode material in lithium-ion batteries, is renowned for 
its excellent safety and stability due to its robust olivine structure, which 
minimizes thermal runaway risks [10,11]. However, LFP has a relatively 
low operating voltage of approximately 3.4 V versus Li/Li⁺ [12]. 
Consequently, while LFP is favored for applications where safety is 
paramount, such as in electric vehicles and stationary energy storage 
systems, its lower working voltage remains a significant drawback when 
higher energy densities are required.

In the quest for high voltage yet stable cathode materials, 
fluorophosphates-based materials have emerged as promising electrode 
materials due to the covalent character of phosphate group with the 
strong P-O bonds, that creates a robust framework resistant to decom
position, even at high voltage. Furthermore, the high electronegativity 
of the fluorine atom with the strong inductive effect modifies the elec
tronic structure of the transition metal, effectively lowering the energy 
of its d-orbitals. This lowers the d-orbital energy, enhancing the metal 
redox potential and enabling higher operating voltages compared to 
non-fluorinated phosphates [13,14]. Among various candidate 
fluorophosphate-based materials for application as cathodes in Li-ion 
secondary batteries, lithium vanadium fluorophosphate LiVPO4F has 
gained the most attention owing to its high theoretical capacity of 156 
mAh/g with a potential plateau of 4.28 V vs. Li/Li⁺ resulting in high 
energy density (655 Wh kg 1, based on the cathode mass). Additionally, 
vanadium’s ability to undergo multivalent electrochemical conversions 
further contributes to the material’s suitability for high-performance 
lithium-ion batteries [15].

Two common synthetic approaches have been reported in the liter
ature to prepare this type of materials: a two-step solid-state reaction 
process involving separate preparation of VPO4 intermediate followed 
by LiF addition prior to high-temperature calcination [16,17], and a 
one-step sol-gel route where precursors are directly mixed in the process 

[18]. However, the synthesis of a pure fluorophosphate phase is chal
lenging, as improper regulation of experimental conditions, such as 
temperature, calcination time, and precursor ratios can lead to the 
material’s decomposition into more stable phases, mainly the NaSICon 
phase Li3V2(PO4)3 [19,20]. Furthermore, the introduction of dopants 
can complicate the synthesis and increase the risk of forming undesired 
secondary phases, or lead to the suppression of the intended phase by 
the dominant olivine structure [21].

In the pursuit of achieving the full electrochemical potential of 
LiVPO4F cathode material, numerous strategies, including metal doping 
[21–23], applying coatings of conductive materials like carbon and 
metal [24–27], as well as optimizing particle size and morphology 
through precise synthesis conditions [28,29], have been investigated. 
While some studies have reported improvements over the undoped 
material, these enhancements still fall short of the phase’s theoretical 
potential, possibly due to synthesis challenges or vanadium-dopant 
incompatibilities.

Exploring manganese as a dopant has shown promising potential in 
enhancing the structural integrity and cycling efficiency of vanadium- 
based polyanionic cathode materials. It was demonstrated that Mn3+

doping in Li3V2(PO4)3 can help reducing the band gap energy, 
improving the electronic properties of the material [30]. Additionally, 
doping the same phase with Mn2+ enhances the cyclic stability and rate 
performance even at high rates, as electrochemical impedance spec
troscopy (EIS) reveals that Mn2+ doping decreases the charge transfer 
resistance, facilitating faster lithium-ion insertion and extraction [31]. 
The beneficial effects of manganese doping have also been observed in 
Na-ion battery materials, where Mn3+ doping in Na2.85Mn0.4V1.6(
PO4)2F2.4O0.6 stabilizes the structure and improves capacity retention, 
especially at high cycling rates [32]. Furthermore, Mn²⁺ doping in 
Na₃V₂(PO₄)₃ significantly enhances its performance by mitigating the 
material’s low intrinsic conductivity. This modification allows for 
greater Na⁺ insertion, resulting in a higher reversible capacity [33]. The 
compatibility between manganese and vanadium in these polyanionic 
cathode materials is a key factor contributing to the success of 
Mn-doping strategies.

In this study, we explore the effects of manganese substitution on the 
structural and electrochemical properties of LiVPO₄F synthesized using a 
one-step sol-gel method. Our research emphasizes optimizing synthesis 
conditions to obtain phase-pure Mn-doped LiVPO₄F with a mixed- 
valence system while analyzing the influence of Mn doping on the ma
terial’s crystal structure, morphology, and electrochemical behavior. 
Special attention is given to the relationship between dopant concen
tration and cycling stability across different C-rates, with the goal of 
determining the optimal composition for improved battery 
performance.

Fig. 1. Schematic illustration of the sol-gel synthesis process for LiV1-2y/3MnyPO4F/C cathode materials.



2. Experimental section

2.1. Material synthesis

As described in Fig. 1, LiV1–2y/3MnyPO4F/C (y = 0, 0.03, 0.09, 0.15) 
cathode materials series has been successfully synthesized through a 
water-based sol-gel method. 1:2 stoichiometric amounts of NH4VO3 
(Sigma Aldrich, 99 %) and citric acid (VWR Chemicals, 99 %), serving 
simultaneously as chelating agent, reducing agent, and carbon source, 
were first dissolved in 40 mL of deionized water at 80 ◦C under stirring 
for 10 min to obtain a green solution indicating the reduction of V5+ to 
V3+. Subsequently, Mn(CH3CO2)2 (Sigma Aldrich, 99 %), H3PO4, and 
LiF (Sigma Aldrich, 99 %) were added to the solution and stirred for a 4 
h. 2 % excess of LiF was added in order to compensate for lithium and
fluorine loss during calcination. After the formation of the gel, it was
dried at 100 ◦C overnight. The obtained blue xerogel was then ball- 
milled with 5wt % of polyvinylidene difluoride (PVDF) for 2 h at 500

rpm. The recovered powder was transferred to an alumina boat and 
heated under argon atmosphere at 700 ◦C for 1 hour followed by 
quenching to room temperature under the same atmosphere, to obtain 
the final product.

2.2. Material characterization

The crystal structure of the prepared samples was investigated via X- 
ray diffraction (XRD) using a STOE Stadi P diffractometer with a Cu Kα1 
radiation source. The measurements were conducted at 40 kV and 40 
mA in transmission mode. The crystallographic parameters were ob
tained by the Rietveld method using FULLPROF software.

To investigate the presence of carbon on the synthesized cathode 
materials, Raman Spectroscopy technique was employed using a Lab
RAM HR Evolution Raman spectrometer (HORIBA Scientific) with red 
light laser (wavelength λ = 632.81 nm).

The morphology, grain size and elemental distribution of the 

Fig. 2. (a). In-situ XRD patterns of LiVPO4F precursors mixture as a function of temperature.



obtained particles in the synthesized samples were observed using 
scanning electron microscopy (SEM) (ZEISS, GEMINI 1530) and energy 
dispersive X-ray spectroscopy (EDS) with an accelerating voltage of 20 
kV.

2.3. Electrochemical measurements

The positive electrodes were prepared by mixing the active material, 
poly(vinylidene difluoride) (Mw=250 K, Sigma Aldrich) and carbon 
black (Sigma Alrich) with a weight ratio of 75:10:15, respectively. The 
mixture was initially hand-ground in an agate mortar for 10 min, fol
lowed by the addition of NMP solvent and continuous magnetic stirring 
overnight. The resulting slurry was then coated onto aluminum foil and 
dried in a vacuum oven at 100 ◦C for 2 h to remove the solvent. Sub
sequently, a 12 mm disk was then punched out from the electrode and 
dried under vacuum at 70 ◦C overnight prior to battery assembling. The 
mass loading is approximately 2.5 mg/cm2. In an argon-filled glove box, 
CR2032 coin-type cells were assembled using the positive electrode, 1 
cm2 metallic Lithium disk as the negative electrode, Celgard membrane 
as the separator and 1 M of LiPF6 in EC-DMC (1:1) as the electrolyte.

The electrochemical performance of LiV₁₋₂y/₃MnyPO₄F/C cathode 

materials was assessed within a voltage range of 3 V to 4.6 V vs. Li⁺/Li at 
various current rates (0.2C to 5C) using a BioLogic MPG2 battery cycler. 
Measurements were conducted at both room temperature (25 ◦C) and an 
elevated temperature of 50 ◦C.

3. Results and discussion

3.1. Crystal structure and morphology

Fig. 2 depicts the in-situ XRD patterns of various lithium-based 
compounds, including LiF, Li3V2(PO4)3, and LiVPO4F, across a temper
ature range from 650 ◦C to 800 ◦C. At 650 ◦C, the XRD patterns show an 
amorphous mixture with some peaks corresponding to the LiF phase, 
indicating the initial state of the sample. As the temperature increases, 
the LiVPO4F phase forms and becomes dominant between 690 ◦C and 
740 ◦C. The sharp, well-defined peaks observed in this temperature in
terval confirm the successful synthesis of the crystalline LiVPO4F 
structure. However, when the temperature exceeds 740 ◦C, the LiVPO4F 
phase begins to decompose. The emergence of peaks associated with the 
Li₃V₂(PO₄)₃ phase at higher temperatures indicates that the LiVPO₄F 
compound becomes unstable and starts to decompose, likely due to 
fluorine loss at elevated temperatures [19]. These findings highlight the 
importance of the temperature window for the formation of the LiVPO4F 
phase. The optimal temperature range appears to be 700 ◦C, as this is the 
lowest temperature where the LiVPO4F phase is successfully synthesized 
and stabilized. Higher temperatures lead to the decomposition of LiV
PO4F and the formation of the secondary Li3V2(PO4)3 phase.

Fig. 2a, Fig. 2b.
As displayed in Fig. 3. (a), the main phase of all samples is in good 

agreement with the phase LiVPO4F with triclinic crystal system and 
space group P-1 as reported in literature. This means that the addition of 
a small amount of manganese does not significantly affect the crystal 
structure of LiVPO4F/C [34,35]. However, at a high Mn substitution 
ratio (y = 0.15), the formation of the LiMnPO₄ phase becomes un
avoidable under the given synthesis conditions. Furthermore, in the 
sample V-Mn15, a very small amount of Li3V2(PO4)3 is detected corre
sponding to the diffraction peaks located at 20.7◦, 24.4◦, and 33.1◦, 
likely due to the alteration of stoichiometry following the formation of 
LiMnPO4 and to the sublimation of VF3 during calcination[36]. The 
diffraction peaks of carbon are not observed in the XRD spectra of each 
sample, which shows that the rest of the carbon is amorphous.

The effect of Mn doping on LiVPO4F is obvious across different 
manganese contents (y = 0, 0.03, 0.09, and 0.15). As shown in Fig. 3. 
(b), the (1–10) reflection peak, a characteristic peak of the LiVPO4F 

Fig. 2. (b). 2D Contour plot of in-situ XRD measurement of LiVPO4F precursors 
mixture as a function of temperature.

Fig. 3. (a) XRD diffractograms of the synthesized materials. (b) Evolution of (1-10) reflection peak with Mn ratio for the synthesized materials.



Fig. 4. Rietveld refinement of (a) V-Mn0, (b) V-Mn3, and (c) V-Mn9.



phase located at 29.56◦ for the undoped sample, undergoes a subtle but 
noticeable shift towards lower 2θ angles as the Mn content increases up 
to y = 0.09. This shift is consistent with lattice expansion due to the 
larger ionic radius of Mn2+ compared to V3+, indicating successful 
incorporation of Mn into the LiVPO4F structure. The (1–10) peak is 
particularly significant because it directly reflects changes in the crystal 
lattice parameters, providing clear evidence of Mn doping-induced 
structural modifications. However, at y = 0.15, the peak position 
shifts back towards higher 2θ values, almost aligning with the undoped 
sample.

The crystal structure refinement of the experimental diffractograms 
of LiV1–2y/3MnyPO4F/C was performed using the Rietveld method 
(Fig. 4). As listed in Table 1, the refined lattice parameters of the 
undoped LiVPO4F/C are in good agreement with those reported in the 
literature [35,36]. With Mn doping, the unit cell volume initially ex
pands as Mn is introduced. However, at a higher Mn ratio (y = 0.15), a 
slight decrease in unit cell volume is observed. This anomalous behavior 
is likely due to the presence of impurity phases in the sample, which 
disrupt the crystal structure and result in an overall reduction in cell 
volume.

Fig. 5 shows the Raman spectra of V-Mn0 and V-Mn9 samples, be
tween 1000 and 1900 cm-1. Two main bands are observed: d-band 
centered around 1350 cm-1 and G-band at around 1600 cm-1 [37]. This 
result indicates the carbon formation during the high temperature 
treatment, primarily from the citric acid used in the synthesis process. 
Both bands have almost the same intensity (ID/IG ≈ 1 with respect to 
peak height), suggesting an approximately equal presence of both 
graphitic and disordered carbon components in the material after the 
thermal treatment. The dominance of these carbon-related bands in the 
Raman spectrum (1000–1900 cm-1) confirms that the high-temperature 

calcination process effectively converted the citric acid into a conductive 
carbon network within the materials. The in-situ formed carbon, 
generated through the strategic use of citric acid in the synthesis, likely 
plays a key role in improving the material’s electronic conductivity and 
overall electrochemical performance.

The SEM image (Fig. 6. (a)) reveals well-defined nanoscale particles 
synthesized via the sol-gel method. The particles exhibit relatively 
uniform spherical morphology with diameters ranging from approxi
mately 40 to 100 nm (as indicated by the measurements D1-D6), 
demonstrating good control over particle size and morphology during 
synthesis.

EDX elemental mapping of the undoped sample (V-Mn0) in Fig. 6. (b) 
reveals a uniform distribution of V, P, O, and F, confirming the forma
tion of LiVPO4F. More significantly, the EDX mapping of the Mn-doped 
sample (V-Mn9) in Fig. 6. (c) demonstrates the homogeneous distribu
tion of Mn throughout the material, as evidenced by the uniform yellow 
contrast in the Mn mapping. The homogeneous distribution of Mn in
dicates the successful incorporation of the dopant into the LiVPO₄F 
crystal lattice, aligning with the XRD results mentioned earlier, and 
suggesting minimal segregation or secondary phase formation.

3.2. Electrochemistry

Fig. 7 displays slow-rate cyclic voltammograms of samples V-Mn0, V- 
Mn9, and V-Mn15, measured at a scan rate of 0.1 mV/s, within the 
voltage range of 3 to 4.6 V versus Li/Li+. For the undoped V-Mn0, the 
cyclic voltammogram shows oxidation peaks at 4.26 V and 4.32 V, 
corresponding to the formation of the intermediate phase Li0.65VPO4F 
and the fully delithiated phase VPO4F, respectively. During discharge, a 
single reduction peak at 4.16 V was observed, corresponding to the re- 
intercalation of Li⁺ into VPO₄F to form LiVPO₄F. This asymmetric 
redox behavior suggests variations in lithiation and delithiation path
ways or crystallographic differences in Li sites within the structure [35,
36]. V-Mn9 exhibits a similar profile, indicating the preservation of the 
fundamental redox processes associated with the undoped phase. 
However, V-Mn9 shows a slight polarization decrease (as shown also in 
Fig. 8), manifested as a reduction in the potential difference between the 
anodic and cathodic peaks. suggesting enhanced charge transfer kinetics 
and improved reversibility of the lithium insertion/extraction process in 
V-Mn9 material. For the sample V-Mn15, the voltammogram reveals
three additional weak redox couples located at 3.60 V / 3.57 V, 3.69 V /
3.65 V, and 4.10 V / 4.02 V (vs. Li/Li+), corresponding to the (de)
lithiation processes in the impurity phase Li3V2(PO4)3 [38]. Interest
ingly, no redox peaks attributable to Mn in LiMnPO4 phase were
observed, likely due to the electrochemical inactivity of Mn ions within
the investigated potential window. Alternatively, at relatively low ra
tios, Mn related peaks may be concealed by the broad and intense redox
peaks associated with vanadium. This hypothesis is supported by the
close proximity of Mn2+/Mn3+ and V3+/V4+ redox potentials in
fluorophosphate-based structures [39,40].

Figs. 8 and 9 display the galvanostatic charge and discharge voltage 
profiles and the corresponding capacities of the studied materials at a 
rate of C/5 and 1C, respectively, over 100 cycles. The undoped V-Mn0 
exhibits two charge plateaus and one discharge plateau, consistent with 
the CV measurements. It delivers a discharge capacity of 147 mAh/g, 
with <2 % capacity fade after 100 cycles and nearly 98 % coulombic 
efficiency. The Mn-doped materials display similar cycling profiles, 
except for V-Mn15, which exhibits additional short plateaus attributable 
to the Li3V2(PO4)3 impurity phase. The V-Mn9 sample delivers the 
highest discharge capacity of 150 mAh/g, which is almost equivalent to 
the total theoretical capacity (153 mAh/g) of the material with 98 % 
capacity retention after 100 cycles. Notably, all samples demonstrate 
near-ideal coulombic efficiency and very low-capacity fade after 100 
cycles. At 1C rate during discharge, V-Mn9 delivers an improved ca
pacity of 146.5 mAh/g compared to 140.3 mAh/g for V-Mn3 and 142.38 
mAh/g for the undoped V-Mn0. Interestingly, all cathode materials 

Lattice 
constant

V-Mn0 V-Mn3 V-Mn9 V-Mn15

a 5.241(1) Å 5.271(3) Å 5.342(1) Å 5.251(1) Å
b 7.412(3) Å 7.446(1) Å 7.489(3) Å 7.419(3) Å
c 5.128(1) Å 5.145(2) Å 5.178(4) Å 5.131(2) Å
α 112.97(2) ◦ 113.01(2) ◦ 113.05(4) ◦ 112.99(4) ◦

β 81.69(2) ◦ 81.73(3) ◦ 81.79(1) ◦ 81.74(2) ◦

γ 113.15(1) ◦ 113.19(3) ◦ 113.25(2) ◦ 113.14(1) ◦

V 172.67(1) Å3 174.82(2) Å³ 179.93(3) Å³ 176.15(3) Å³

Fig. 5. Raman spectra of the samples V-Mn0 and V-Mn9 between 1000 cm-1 
and 1900 cm-1.

Table 1 
The calculated lattice parameters of studied fluorophosphate materials.



Fig. 6. (a)SEM images of V-Mn0, (b) element distribution of V-Mn0 and, (c) element distribution of V-Mn9.



preserve an excellent reversibility throughout the electrochemical 
cycling. The superior performance of V-Mn9 suggests that Mn doping 
enhances the material’s electrochemical properties, likely through 
structural modifications that create additional pathways for lithium-ion 
diffusion, thereby improving intrinsic ionic conductivity [41]. Addi
tionally, the band gap of the material can be narrowed by Mn doping, 

potentially enhancing its electronic conductivity. Furthermore, the 
nanoscale particles, with their high surface area, can enhance the 
electrode-electrolyte contact and facilitate rapid charge transfer. The 
shortened Li+ diffusion paths within the particles may reduce internal 
resistance and strain during cycling, contributing to the observed 
cycling stability [42].

Fig. 6. (continued).



Fig. 10 displays the electrochemical performance of the studied 
materials at a rate of C/5 and 50 ◦C. When cycled at 50 ◦C, all compo
sitions maintained their characteristic charge-discharge profiles without 

modification of the voltage plateaus, indicating preserved redox mech
anisms and structural stability at higher temperatures. .V-Mn9 sample 
maintained its superior performance, delivering an initial discharge 
capacity of 149 mAh/g with minimal capacity fade (≈0.7 %) after 50 
cycles. Similarly, both the undoped and V-Mn3 samples demonstrated 
good stability at elevated temperatures, retaining approximately 99.4 % 
of their initial capacities after 50 cycles.

Fig. 11. (a) displays the rate capability test results for LiV1–2y/ 

3MnyPO4F/C cathode materials, evaluated at C/5, 1C, 2C, 3C, and 5C, 
and then returning back to C/5. The undoped material presents an initial 
discharge capacity of 147 mAh/g and exhibits excellent capacity 
retention of approximately 97 % upon cycling back to C/5 after high- 
rate testing. The V-Mn3 sample displays an intriguing performance, 
showing lower discharge capacities at lower C-rates but superior ca
pacity retention at 5C. The V-Mn9 sample exhibited superior perfor
mance across all tested C-rates, maintaining high capacities from C/5 to 
5C and showing almost identical capacity when cycled back to C/5. 
Additionally, as illustrated in Fig. 10. (b), V-Mn9 exhibits the lowest 
voltage polarization at 5C among all samples. The overall stable per
formance of these materials can be linked to the materials’ stable crystal 
structure and optimized morphology. Moreover, Mn incorporation 
further enhances electrochemical performance, likely by improving 
intrinsic ionic and electronic conductivity [41,42].

In order to evaluate the impact of Mn addition on the kinetics of the 
studied electrode materials, the lithium ion diffusion was calculated. 

Fig. 7. cyclic voltammograms of the studied fluorophosphate materials.

Fig. 8. Galvanostatic cycling profiles of the studied materials at a rate of C/5.



Fig. 12 shows the multi-rate cyclic voltammetry (CV) responses of V- 
Mn0 and V-Mn9 electrodes at various scan rates. The peak currents (Ip) 
increase with increasing scan rate (ν), exhibiting a linear relationship 
between ip and ν1/2. This linear behavior suggests that the redox process 
is primarily controlled by lithium diffusion. The lithium diffusion coef
ficient (DLiþ) was calculated using the Randles-Sevcik equation based 
on the measured current values. 

ip = 0.4463
(
F3

RT

)
1
2 n3/2 A D1/2 C∗

0 v
1/2 

ip
v1/2 = b . D1/2 ; b = 0.4463

(
F3

RT

)
1
2 n3/2 C∗

0 

where ip is the peak current value, n is the number of exchanged elec
trons, F is the Faraday constant, A is the electrode geometric area (1.13 
cm2), C0* is the Li+ concentration within the material lattice (mol cm-3), 
ν is the scan rate (V s-1), R is the gas constant (J K 1 mol 1), and T is the 
temperature (K) [43].

Based on the calculated diffusion coefficients presented in Table 2, a 
clear trend emerges between the undoped V-Mn0 and V-Mn9. For Li+

ion extraction, V-Mn9 exhibits a slightly higher diffusion coefficient of 
2.87(1) × 10⁻9 cm² s⁻¹ compared to 2.67(2) × 10⁻9 cm² s⁻¹ for V-Mn0. 

Fig. 9. Specific discharge capacities of the studied materials over 100 cycles at (a): C/5 rate; (b): 1C rate.

Fig. 10. Electrochemical cycling of the studied materials at C/5 rate and 50◦C.

Fig. 11. (a) Rate capability test of the studied materials. (b) Galvanostatic cycling profiles of the studied materials at a rate of 5C.



Similarly, during Li+ ion insertion, V-Mn9 shows an enhanced diffusion 
coefficient of 3.29(3) × 10⁻9 cm² s⁻¹ versus 3.07(3) × 10⁻9 cm² s⁻¹ for V- 
Mn0.

This improved diffusion kinetics provide critical insight into the rate 
capability results shown in Fig. 11. (a). The enhanced Li+ transport in V- 
Mn9 manifests as superior electrochemical performance, particularly at 
high C-rates where diffusion limitations typically become pronounced. 
When cycling at 5C, the faster Li+ movement within the crystal struc
ture of V-Mn9 enables more efficient charge transfer at the electrode- 
electrolyte interface, reducing concentration polarization and main
taining higher accessible capacity. This phenomenon is further sup
ported by the reduced voltage hysteresis observed in Fig. 11. (b) for the 
V-Mn9 sample.

The higher diffusion coefficients observed in the Mn-doped sample
indicate that Mn incorporation enhances lithium-ion transport within 
the crystal structure, probably due to the expansion of the crystal lattice. 
Notably, both materials demonstrate superior diffusion kinetics 
compared to previously reported values in the literature for phosphate 
and fluorophosphate materials (typically ranging from 10–12 to 10–10 

cm² s⁻¹), indicating excellent Li+ mobility in these materials [44–47].

4. Conclusions

LiV1–2y/3MnyPO4F/C (y = 0, 0.03, 0.09, 0.15) cathode materials were
successfully synthesized using a one-step sol-gel method. XRD analysis 
confirmed the formation of phase-pure materials with a triclinic struc
ture up to y = 0.09. However, higher Mn content (y = 0.15) resulted in 
the formation of secondary phases. The optimized composition (y =
0.09) delivered an improved discharge capacity of 150 mAh/g at C/5, 
approaching the theoretical capacity of 153 mAh/g, with 98 % capacity 
retention after 100 cycles. At elevated temperature (50 ◦C), the material 
maintained excellent stability, with minimal capacity fade (< 1 %) after 
50 cycles. Rate capability tests demonstrated superior performance of 
the Mn-doped samples, particularly at higher C-rates, with the y = 0.09 
sample maintaining high capacities from C/5 to 5C. The enhanced rate 
performance can be attributed to improved Li+ ion diffusion kinetics in 
the Mn-doped material, as demonstrated by higher diffusion coefficients 
compared to the undoped sample. These results establish Mn-doping as 
an effective strategy for enhancing the electrochemical performance of 
LiVPO4F-based cathode materials for high-voltage lithium-ion batteries.
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Fig. 12. (a) CV responses at different scan rates for V-Mn0. (b) plot of cathodic and anodic peak currents versus v1/2 for V-Mn0. (c) CV responses at different scan 
rates for V-Mn9. (d) plot of cathodic and anodic peak currents versus v1/2 for V-Mn9.

Table 2 
The calculated diffusion coefficients for V-Mn0 and V-Mn9.

D Li
þ (cm2 s-1) (V-Mn0) D Li

þ (cm2 s-1) (V-Mn9)

Li+ ions extraction 2.67(2) × 10–9 2.87(1) × 10–9

Li+ ions insertion 3.07(3) × 10–9 3.29(3) × 10–9
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