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Abstract 

Topochemical synthesis under ionothermal conditions provides a unique pathway for obtaining 

the polyanionic electrode material Na3V2(PO4)2FO2 with particles exhibiting a distinctive 2D 

platelet morphology. This morphology directly originates from the VOPO4·2H2O precursor 

through a synthesis process involving water molecules extraction followed by fluorine and 

sodium insertion in the interlayer space while preserving the overall covalent bond network. 

This synthesis approach gives the possibility to engineer the active material particles shape 

through a design of the precursor, while maintaining the same reaction conditions. Herein, three 

different VOPO4·2H2O with distinct particle sizes and morphologies were synthetized to 

evaluate the impact on the resulting Na3V2(PO4)2FO2 electrochemical performance. The 

optimal material was sintered under argon flow to transform the ionic liquid-based surface layer 

into a carbon coating and enhance the active material electronic conductivity. The particles 

morphology optimization using ionic liquid as templating-agent allowed to improve specific 

capacity from 56 mAh/g to 83 mAh/g at 1C, while the further carbonization of the ionic liquid 

surface layer permits to increase active material capacity up to 103 mAh/g, demonstrating the 

benefits of surface modification. 
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surface modification 
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1. Introduction: 

In recent decades, the growing demand for Li-ion batteries has driven a significant increase 

in the price of lithium resources, with projections indicating that this trend will continue in the 

coming years. To address this issue and reduce both costs and environmental impacts, Na-ion 

batteries have emerged as a viable alternative.1 These devices are becoming more and more 

competitive compared to their lithium counterparts, largely due to the fundamental research that 

led to the development and optimization of various positive electrode materials in recent 

years.2–5 Among all of the studied materials, the Na3V2(PO4)2F3-yOy (0 ≤ y ≤ 2) family turned 

out to be one of the most promising candidates thanks to its respectable energy density ( ̴ 500 

Wh/kg), its high ionic conductivity, impressive structural stability upon cycling,5 good thermal 

stability and chemical stability to exposure to air and water.6–10 Within this family of 

compounds 2 Na+ per formula unit can be reversibly extracted, however, the highest energy 

density is obtained for Na3V2(PO4)2F3, as the fluorine substitution by oxygen tends to lower the 

working potential. Nevertheless, oxygen-substituted materials offer additional benefits, such as 

enhanced electrical conductivity and structural stabilization at overcharged states,11, 12 making 

them still highly attractive for practical applications.  

One of the major drawbacks of these phases is their poor electronic conductivity. In the case of 

the Na3V2(PO4)2F3-yOy (0 ≤ y ≤ 2) materials, the 3D atomic structure consists of V2O8+yF3-y bi-

octahedral units connected by highly covalent phosphate (PO4) groups, which hinder efficient 

electronic transfer within the polyanionic framework. Several strategies can help to overcome 

this issue, such as adjusting particles morphology (nano-sizing, preferential crystallographic 

orientation)13–15, engineering the surface chemistry of the material with a carbon coating16,17 or 

in a lesser extent modifying the electronic structure through transition metal substitution.18–20 

In practice, a combination of both nanosizing and application of a uniform carbon-coating 

remains the most promising approach and should be prioritized in further developments, while 

ensuring that suitable tap density of the electrode material is maintained.21 

In this work, three different Na3V2(PO4)2FO2 materials were synthetized using the ionothermal 

approach previously developed in our group.22 Ionic liquids are liquid salts at low temperature 

(< 100°C), with this low melting point primarily resulting from the asymmetry of their cation 

and/or anion, which hinders crystallization.23, 24 Their wide temperature range in the liquid state, 

low vapor pressure and low toxicity make them suitable for the synthesis of inorganic materials. 

Furthermore, it has been shown in the literature that the presence of an ionic liquid layer at the 

active material surface can enhance its electrochemical performance.13,25 The synthesis 



mechanism reported in the work of Olchowka et al. involved a topochemical reaction that 

includes the dehydration of a VOPO4·2H2O precursor followed by the insertion of sodium and 

fluorine from NaF dissolved in 1-ethyl-3-methylimidazoliumbis(trifluoromethylsulfonyl)imide 

(EMIM-TFSI) (Figure 1).22 This topochemical synthesis allowed to preserve precursor’s large 

platelets morphology during the formation of the polyanionic active material. Besides, an ionic 

liquid coating was found at the particle’s surface, enhancing Na+ conductivity at grain 

boundaries.13 Here, three different Na3V2(PO4)2FO2 materials were synthetized from 

VOPO4·2H2O exhibiting various particles size and morphology to tailor the Na3V2(PO4)2FO2 

ones and evaluate the impact on the energy storage performance. Additionally, further 

annealing experiments were conducted on the best-performing electrode material to transform 

its ionic liquid-based layer in a carbon coating, with the aim of enhancing its energy storage 

performance.  

 

Figure 1: Representation of the topochemical reaction mechanism to synthetize 
Na3V2(PO4)2FO2 from VOPO4·2H2O. 

 

 

 



2. Experimental section 

2.1 VOPO4·2H2O and Na3V2(PO4)2FO2 synthesis 

Vanadium (V) oxide (V2O5, Sigma-Aldrich; ≥ 99.6%) and phosphoric acid (H3PO4, Sigma-

Aldrich; wt. 85%) were used as the vanadium and phosphate precursors, respectively, to 

synthetize vanadium phosphate dihydrate (VOPO4·2H2O). Then, the Na3V2(PO4)2FO2 

(NVPFO2) phase was obtained via ionothermal synthesis from a mixture of VOPO4·2H2O and 

sodium fluoride (NaF, Sigma-Aldrich, ≥ 99%), serving for that latter as both fluorine and 

sodium source.  

A series of VOPO4·2H2O powders were synthetized using a similar synthesis path where V2O5 

was refluxed with H3PO4 in a round-bottom flask heated in an oil bath with a cooling column. 

Three different VOPO4·2H2O particles morphologies were obtained using three different 

synthesis media: acetone, deionized water and a mixture of deionized water and nitric acid. The 

resulting precursors were labelled VOPO4 Acetone, VOPO4 Water and VOPO4 Nitric according 

to their synthesis medium. VOPO4 Acetone was synthetized by refluxing 5 g of V2O5 with 6 ml 

of H3PO4 in 100 ml of acetone for 16h at 65°C. VOPO4 Water was obtained by refluxing 2.4 g 

of V2O5 with 8 ml of H3PO4 in 100 ml of water at 104°C for 16h, followed by 6h of evaporation. 

Finally, the synthesis of VOPO4 Nitric consisted of refluxing 3 g of V2O5 with 25 ml of H3PO4 

in 150 ml of a 1:1 water:HNO3 (in volume) (VWR Chemicals, wt. 65%) for 3h at 150°C. Each 

powder was washed (with acetone for VOPO4 Acetone and water for the two others), recovered 

by centrifugation, and dried at 80 °C under air for one night. 

Three Na3V2(PO4)2FO2 (NVPFO2) samples were synthetized by grounding in a mortar 665 mg 

of sodium fluoride with 1.9 g of one of the VOPO4·2H2O powders. A 10% excess of NaF was 

used compared to 1.5:1 stoichiometric molar ratio. Then, each mixture was introduced with 10 

mL of 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4; IoLiTec, ≥ 99%) in a 45 

mL Teflon Parr autoclave under air and heated at 220°C with a heating collar from IKA for 16 

h under magnetic stirring. EMIM-BF4 was selected as solvent for its good thermal stability up 

to 350°C and the BF4
- anion’s ability to act as a fluorine source through hydrolysis when it is 

in contact with the water molecules from the vanadium phosphate hydrate.26,27 After the 

synthesis, the light green powder was washed with deionized water under stirring for 1h, 

retrieved by centrifugation and washed again for 1h in an ultrasonic bath of ethanol to get rid 

of any potential impurities. Each NVPFO2 is referred by association with the corresponding 

VOPO4·2H2O precursor used for its synthesis (i.e. Acetone, Water or Nitric).  



Additionally, an attempt was made to apply a carbon coating on the NVPFO2 Acetone sample 

to further improve its electrochemical performance. To do so, the sample was pelletized and 

sintered under argon flow. The heating process consisted in two dwells, one at 250°C for 30 

minutes and another at 600°C for 3 hours with a heating rate of 3°C/min. The resulting dark 

grey powder was sonicated for 1h in deionized water and dried at 80°C under air for one night 

and finally labeled as NVPFO2A@C. 

2.2 Characterization techniques 

Powder X-ray Diffraction: A Panalytical Empyrean diffractometer in Bragg-Brentano θ-θ 

geometry, using a Cu Kα1,2 type X-ray source was employed to measure the XRD patterns. The 

powders were analyzed using a spinning flat sample-holder in the 2θ range of 3°-100°(2θ) with 

a 0.0167° step size at room temperature. The Thompson-Cox-Hastings pseudo-Voigt function 

was chosen to perform the Le Bail and Rietveld refinements using the FullProf software. 

Scanning Electron microscopy: To obtain information about the size and morphology of both 

the precursor and active material particles, a Tescan Vega scanning electron microscope was 

utilized. To avoid any charge effect, a thin gold layer was deposited at the surface of the samples 

prior to analysis. 

Fourier-transform infrared spectroscopy: FTIR spectra were obtained on a Brucker Equinox 

55 spectrometer in the 400-4000 cm-1 wavenumber range. For each sample, the analyzed 

powder had to be mixed with potassium bromide KBr in a 3:100 (wt.%) ratio respectively. A 

series of 30 acquisitions were performed for each sample to yield a better signal to noise ratio.  

Raman spectroscopy: An Horiba confocal LabRAM HR Evolution micro-spectrometer, using 

a 633 nm laser source was employed to obtain Raman spectra. They were collected using a 10.6 

mm (NA 0.5) focal length lens and with an acquisition time of 30 s and 30 accumulations. The 

spectrometer was calibrated prior measurement with a Si reference.  

Tap Density measurements: An AUTOTAP from Quantachrome Instruments was utilized to 

measure the powders tap density in g/cm3. Each sample was disposed in a 20 ± 0.1 mL 

graduated cylinder and tapped 10 000 times, with a quantity around 2 g. After the hits sequence, 

some particles that could stay not densified were removed in order to have a proper volume 

measurement. The tap density corresponds to the mass of NVPFO2 in the graduated cylinder 

divided by the volume it occupies after the 10 000 hits. 



BET analysis: Specific surface areas were determined by recording nitrogen sorption isotherms 

(77 K) with a 3Flex gas sorption analyzer (Micromeritics). Before analysis, the NVPFO2 

samples were degassed at 90 °C during 1 hour and at 150 °C during 14 hours, with ramp rates 

of 10 °C/min, under vacuum. Specific surface areas were obtained using the BET (Brunauer, 

Emmett and Teller) equation applied between 0.08 and 0.30 relative pressure (p/p0).  

 
Transmission Electron Microscopy: The analyses were carried out on a TEM-JEOL 2200 FS 

FEG 200 kV in TEM mode. The analysed samples were disposed on a copper grid with a carbon 

supported film by deposing a droplet of the material suspension in ethanol.  

X-ray Photoemission Spectroscopy: A ThermoFisher Scientific K-ALPHA spectrometer with 

a 400 μm X-Ray spot size and a monochromatized Al-Kα source (hν = 1486.6 eV) was used to 

acquire XPS spectra. The powders were pressed onto indium foils. The full spectra (0-1150 eV) 

were obtained with a constant pass energy of 200 eV, while high-resolution spectra were 

recorded with a constant pass energy of 40 eV. Charge neutralisation was applied during the 

analysis. High resolution spectra (i.e. C 1s, O 1s, V 2p, P 2p, Na 1s, F 1s, N 1s) were quantified 

using the Avantage software provided by ThermoFisher Scientific by applying Scofield 

sensitivity factors. All spectra were shifted versus C 1s main peak at 284.6 eV. Main attention 

was paid on N 1s, V 2p3/2 and F 1s spectra to get the chemical environment after fitting. 

Electrochemistry: The NVPFO2 electrochemical performance were evaluated using CR2032-

type coin cells assembled in a glovebox under argon atmosphere. A slurry made from active 

material (NVPFO2), carbon black and polyvinylidene fluorine (Sigma Aldrich) with a 80/10/10 

ratio (wt.%) in N-methyl-2-pyrrolidone (Sigma Aldrich; 99% anhydrous) was prepared and 

casted with a doctor blade, set at a 200 µm thickness, on a carbon coated aluminum foil to 

obtain positive electrodes. These casted electrodes were dried overnight at 80°C under air. They 

were then cut in 16 mm diameter discs, pressed under 5 tons and dried under vacuum at 80°C 

for 2h before being stored in a glovebox under argon atmosphere. The NVPFO2 electrodes were 

tested versus sodium metal, using as separator a Celgard foil between two Viledon ones soaked 

with the electrolyte 1 M NaPF6 in 1:1 EC:DMC with 2% (wt.) content of fluoroethylene 

carbonate (FEC) as additive. The electrode mass loading was around 4.1 to 4.4 mg/cm². The 

coin cells were cycled in galvanostatic mode between 2.2 V and 4.3 V vs. Na+/Na using a 

Biologic VMP cycler at a constant temperature of 25°C. 

  



3. Results and discussion  

3.1 Structural and morphological characterization 

 

Figure 2: Full pattern matching refinements (Le Bail) obtained for a) VOPO4·2H2O Acetone, 
b) VOPO4·2H2O Water, c) VOPO4·2H2O Nitric, and the corresponding NVPFO2 d) Acetone, e) 
Water, and f) Nitric. g-h) Representation of the crystal structure of Na3V2(PO4)2FO2 with i) the 
V-F and V=O bond lengths in the bi-octahedron units. 

Figure 2 displays the XRD patterns of the three different NVPFO2 materials and their 

associated VOPO4·2H2O precursors. Focusing on the precursors, a preferential orientation can 

be observed on the XRD patterns of VOPO4·2H2O synthesized in water and nitric acid. These 

materials adopt a platelet shape that tends to grow along the <100> and <010> directions 

(Figure 3), resulting in an enhanced intensity of the 00l diffraction peak.22,28 The VOPO4·2H2O 



Water exhibits platelets with diameters ranging from 1-2 µm for the smallest to almost 30 µm 

for the largest (Figure 3c) whereas for the VOPO4·2H2O Nitric the platelets have a rounded 

shape, with a diameter ranging from 1 to 15 µm and a thickness between 250 nm and 500 nm. 

In contrast, the VOPO4·2H2O Acetone particles exhibit a sheet-like morphology (Figure 3a) 

without any preferential orientation (Figure 2a). These aggregated sheets measure between 90 

nm and 160 nm in thickness and 1 and 5 µm in diameter (Figure 3a).  

Although the X-ray pattern of VOPO4·2H2O Acetone displayed a low intensity additional 

peak at ≈ 30° potentially coming from a HVOPO4 impurity, for each VOPO4·2H2O precursor, 

the subsequent ionothermal synthesis of Na3V2(PO4)2FO2 resulted in the formation of a pure 

phase. All diffraction peaks could be indexed in the P42/mnm space group (Figures 2d-f). The 

lattice parameters obtained from full pattern matching refinements (Table 1) are in good 

agreement with the V4+-rich chemical composition Na3V2(PO4)2FO2 as reported by Fang et 

al.15. For the Na3V2(PO4)2F3-yOy family, the replacement of V-F bonds (1.968 Å)29 by very 

short V=O vanadyl bonds (1.61 Å) (Figure 2i) results in a gradual reduction of the lattice size 

along the z axis. Therefore, as “y” or in other words, the fluorine content decreases, the c lattice 

parameter continuously decreases from 10.75 Å (y = 0) until reaching a value close to 10.62 Å 

for y = 2, as observed for our series of polyanionic materials (Figure S1).  

Table 1: Lattice parameters, coherent domain sizes obtained by Le Bail refinement, tap density 
values and specific surface areas obtained for the three NVPFO2 materials 

Material a (Å) c (Å) V/Z (Å3) 
Coherent domain 

size (nm) 
Tapped 
density 
(g/cm3) 

BET 
surface 

area (m²/g) (002) (220) 

NVPFO2 

Acetone 
9.0337(1) 10.6245(2) 216.76 86 > 100 0.76 6.8(5) 

NVPFO2 

Water 
9.0353(1) 10.6214(1) 216.77 > 100 > 100 0.77 5.3(5) 

NVPFO2 

Nitric 
9.03358(5) 10.6238(8) 216.74 > 100 > 100 1.03 6.3(5) 

 

The particles morphology of the Na3V2(PO4)2FO2 differs from that of their corresponding 

VOPO4·2H2O precursors, but the nature of the latter still impacts the microstructure of the 

electrode material as evidenced by both XRD patterns and SEM images. For instance, the 

preferential orientation along the <002> direction is still very pronounced for NVPFO2 Water 

material (Figure 2e) compared to the two others from the series.  



 

Figure 3: SEM images of the precursors VOPO4·2H2O a) Acetone, c) Water and e) Nitric 
along with the associated synthetized NVPFO2 b) Acetone, d) Water and f) Nitric. 

 



This observation is consistent with the morphology shown in Figure 3d, where large platelets 

(diameter of 7 to 35 µm and thickness of 2 µm) are covered by smaller agglomerated particles 

(300 nm to 500 nm thick), likely resulting from broken particles due to the continuous stirring 

during the synthesis. For NVPFO2 Nitric, small platelets (300 nm to 550 nm thick) are 

agglomerated together to form secondary particles with a diameter ranging from 8 to 20 µm. 

Their rather spherical shape explains both the absence (loss) of preferential orientation (Figure 

3f) and their higher tap density thanks to their morphology allowing a greater compaction 

(Table 1).  

In contrast, the NVPFO2 Acetone material consists of small platelets having a thickness 

between 120 nm and 300 nm that agglomerate in shapeless secondary particles with size ranging 

from 700 nm to 2.5 µm wide, as seen in the SEM images (Figure 3b). However, its tap density 

is comparable to that of the NVPFO2 Water, due to the reduced compactness of the aggregates 

compared to the NVPFO2 Nitric ones. NVPFO2 Acetone also possesses the highest specific 

surface area of the series thanks to its peculiar particle morphology (Table 1). Additional SEM 

images are available in the supplementary information (Figures S2, S3 and S4). 

Fourier Transform Infrared Spectroscopy analyses were also conducted on the series of 

NVPFO2 (Figure 4a). First, characteristic vibrational bands for the Na3V2(PO4)2FO2 phase 

clearly appear with an intense band at 1050 cm-1 associated to the phosphate groups and a 

doublet at 925 cm-1 and 945 cm-1 typical of the vanadyl V=O bonds vibrations.12 Besides, the 

overtone at 1855 cm-1 is also attributed to the presence of vanadyl bonds. Furthermore, 

additional bands at 1440 cm-1 and in the 3000-3250 cm-1 region are observed across all spectra, 

corresponding to CH3(N), N-H, C-H and O-H bonds vibrations, which are attributed to residual 

EMIM-BF4 forming a thin layer on the surface of the NVPFO2 materials.22,30–32 Vibrations 

attributed to BF4
- bonds coming from the ionic liquid-based layer can also be detected around 

1084 cm-1 but these latter overlapped with bands attributed to phosphates.33 The presence of 

this ionic liquid-based coating is confirmed by transmission electron microscopy imaging, as 

observed in Figure 4 b-e for NVPFO2 Acetone. Although the thickness of the amorphous layer 

varies among the particles, the latter seems to cover their whole surfaces: none was found 

without an IL layer while scrutinizing the powder. Therefore, FTIR analyses along with TEM 

imaging confirm the presence of an ionic liquid-based coating on the particles surface, even 

after the washing step. 

 



 

 

Figure 4: a) FTIR spectra recorded between 400 and 4000 cm-1 for the three NVPFO2 materials 

Acetone (red), Water (blue) and Nitric (green). b) c) d) and e) Transmission electron 

microscopy images of the NVPFO2 Acetone material. The atomic interplanar distance is given 

for each particle selected. The presence of an amorphous layer at their surface is also 

highlighted by a green dashed line, its thickness being given at different localizations. 



Instinctively, one might think that the materials electrochemical performance could be hindered 

by this kind of coating. However, although its precise impact still has to be investigated, 

previous studies have shown that an organic layer from the ionic liquid can enhance ionic 

conductivity at the surface of the material and at grain boundaries,13 thereby increasing 

delivered rate capabilities compared to IL coating free micrometric electrode material. 

 

3.2 Electrochemical performance 

Figure 5 displays the galvanostatic curves at different C-rates, the corresponding first cycle 

derivatives at C/20, the rate capability and capacity retention over 70 cycles for the three 

NVPFO2 electrode materials. First, it can be noticed that all materials exhibit a similar 

electrochemical signature, characterized by two reversible (pseudo)plateaus at ≈ 3.6 and 4 V vs 

Na+/Na (Figure 5a-f), in perfect agreement with previous reports.6,22 Besides, at C/20 each 

material delivers a high specific capacity exceeding 115 mAh/g,  which is close to the 

theoretical capacity of 130 mAh/g. Among them, NVPFO2 Acetone material shows the best 

high rate performance (Figure 5g).  

This enhanced performance can be attributed to the dispersed platelets morphology of the 

NVPFO2 Acetone material, which optimizes the electrode/electrolyte interface and facilitates 

rapid sodium-ion insertion and extraction. 13,34,35 For example, at 1C, it achieves a specific 

capacity of 83 mAh/g, compared to 58 mAh/g and 56 mAh/g for NVPFO2 Nitric and NVPFO2 

Water, respectively. In contrast, the very compact morphology of the NVPFO2 Nitric material 

is disadvantageous for high rate cycling. Indeed, such organization of the primary platelets to 

form micro-sized agglomerates can hinder an efficient ionic diffusion within the aggregates, 

thus limiting the kinetic.  

Finally, prolonged cycling tests revealed excellent capacity retention during long-term cycling 

at C/5, similar for all the materials, with a specific capacity loss of around 0.115 mAh/g per 

cycle. Therefore, considering these results and the better rate capability of NVPFO2-Acetone, 

the latter appears to be the best performing electrode material. 

 

 



 

Figure 5: Galvanostatic curves at different cycling rates for NVPFO2 a) Acetone, b) Water 
and c) Nitric; Corresponding dQ/dV derivatives versus potential of the first cycles 
performed at C/20 for NVPFO2 d) Acetone, e) Water and f) Nitric; g) Capacity retention 
versus cycle number at different cycling rates and h) Capacity retention versus cycle 
number at C/5 for the three NVPFO2 materials, Acetone (red), Water (blue) and Nitric 
(green). 

 

3.3 Carbon coating formation by thermal degradation of the IL layer 

Common strategies to improve the electrochemical performance of polyanionic active 

materials in batteries typically involve modifying both the morphology and the surface 

chemistry of the particles (e.g. nanosized carbon-coated LiFePO4). The morphological aspect 

was explored in the first part of this paper, and the best candidate appeared to be the NVPFO2 

Acetone. Regarding its surface, FTIR and transmission electronic microscopy analyses 

demonstrated the presence of an ionic liquid layer on the NVPFO2 particles (Figure 4), which 

can improve the ionic conductivity within the electrode13. However, polyanionic materials often 

suffer from a poor electronic conductivity, and one the most effective approaches to address 



this issue is the formation of a conductive carbon coating.36 The performance of these surface-

modified materials strongly depends on the uniformity of the carbon layer, in coverage and in 

thickness, to ensure optimal electronic percolation between the particles in the electrode.37 Most 

of the time, the carbon coating is obtained by mixing the active material with a solid carbon 

source such as glucose, followed by a thermal treatment at high temperature under argon flow 

or nitrogen. However, this method does not guarantee the formation of a uniform layer.38 In 

contrast, using gels or liquid carbon sources enables it, thereby enhancing electrochemical 

performance.38,39 Therefore, carbonizing the ionic liquid layer that perfectly covers the particles 

of NVPFO2 Acetone material should greatly improve its performance, considering that it was 

already demonstrated that ionic liquids are efficient precursors for carbon coatings.40,41  

During the thermal sintering, the absorbed water and other chemical species containing oxygen 

and hydrogen are expected to be extracted during the first thermal dwell at 250°C, in order to 

limit the carbon coating oxidation. Thereafter on the second dwell, the remaining organic matter 

will be decomposed and carbonize to form the graphitized carbon coating on the particles. After 

the thermal treatment of NVPFO2 Acetone (leading to NVPFO2A@C), an increase of the c 

lattice parameter can be noticed (Figure 6a), indicating a decrease of the oxygen content to y = 

1.7 (Figure S1). This change was attributed to a fluorination induced by the BF4
- anion 

decomposition from the ionic liquid, leading to a partial vanadium reduction for charge 

compensation. Indeed, it is believed that BF4
- is decomposed into one F- anion that will be 

incorporated into the bulk of the materials and BF3 gas which will be evacuated with the argon 

flow. This result demonstrates the potential of fluorinated ionic liquids to generate fluorine in 

situ during the synthesis and to fluorinate material post synthesis with a simple annealing step.  

Regarding the morphology, the small platelet agglomerates were preserved (Figure 6b). Further 

analyses indicate the successful carbonization of the ionic liquid-based layer. FTIR analyses 

revealed the disappearance of the vibrational bands related to the O-H and C-H bonds (Figure 

6c), while Raman spectroscopy analyses showed the emergence of two broad signals attributed 

to the D and G bands of carbon, which are characteristic of a disordered graphitized carbon 

layer (Figure 6d).38 However, a Raman mapping (with a lateral resolution of ≈ 1 µm) revealed 

relative intensity variations in these D and G bands (compared to bands attributed to 

phosphates) depending on the location on the sample, indicating a coating thickness 

inhomogeneity. Indeed, the high relative intensity of the V=O and P-O vibrational bands (versus 

D- and G-bands) show locally a low amount of carbon at the surface of the particles (Figure 



S5). Moreover, the ratio ID/IG ≈ 2 calculated through the D- and G-band fitting, indicates a high 

degree of disordering, in line with the rather low annealing temperature of 600°C.42  

Finally, thermogravimetric analysis (TGA) under air of the NVPFO2A@C showed that the 

weight fraction of the carbon coating was around 0.25% (Figure S6), which might explain that 

transmission electronic microscopy imaging did not provide conclusive results for direct 

observation of the carbon layer (Figure S7). These results suggest that a thin and potentially 

inhomogeneous in thickness carbon coating was formed during the thermal treatment. 

 

Figure 6: a) Full X-ray diffraction pattern matching (Le Bail) and b) SEM image for the 
NVPFO2@C material, c) FTIR and d) Raman spectra of the material before (red) and after 
(black) sintering. 

 

 



A comparative X-ray photoemission spectroscopy study was also conducted to examine the 

surface chemistry of the material before and after the thermal treatment under argon. The N 1s, 

F 1s and V 2p3/2 XPS spectra are displayed in Figure 7, the surface atomic quantifications of 

both materials are reported in Table S1. First, it can be noticed that for the pristine material 

(before annealing), the N/C atomic ratio is different from the ionic liquid composition (1/10 

versus 1/3 respectively), which shows that other organic species than EMIM BF4 are also 

present at the material surface. The presence of the ionic liquid is confirmed by the peak at 

401.7 eV on the N1s spectra related to the nitrogen in the EMIM imidazole ring (Figure 7b).33,43 

The second peak at 399.8 eV is certainly related to amine or even reduced nitrogen species, 

such as in the case of a deprotonated C4 carbon as proposed in the literature.44,45 After the heat 

treatment, the nitrogen amount is highly reduced but still present, the remaining small peaks at 

399.8 eV and 402 eV were associated to pyrrolic and graphitic nitrogen respectively, indicating 

the N-doped character of the obtained carbon coating with a 2% (at.) doping.46,47  

Figure 7: a) Schematic representation of the EMIM BF4 ionic liquid; XPS N 1s, F 1s and V 
2p3/2 spectra of b), c), d) NVPFO2 Acetone and of e), f), g) NVPFO2A@C respectively. 



The NVPFO2 Acetone F 1s spectra also confirms the ionic liquid presence, with a typical peak 

around 686 eV associated to the BF4
- anion,33 which disappeared after the sintering step, leading 

to the material fluorination and explaining why on the V 2p3/2 spectra, the vanadium mean 

oxidation state decreases for the NVPFO2A@C (Figure S8). Besides, this reduction is supported 

by the lattice parameters variation.  

Finally, the C1s spectra exhibit different profiles (Figure S9), with an increase of peak at 284.5 

eV after the heat treatment, related to the C=C sp² bonds in the conductive graphitized carbon 

for the NVPFO2A@C.48 Moreover, it can be noticed that the intensities of the peaks related to 

the C-C sp3, C-O, C=O and O-C=O bonds are relatively important. Despite the fact that the C-

O/N and C=O/N bonds content is decreased from 32 at.% to 17.3 at.% in the coating during the 

sintering (Table S2), the O-C=O bonds content is increased from 7.3 to 11.2 at.%, showing a 

highly oxidized and disordered state of the carbon in good agreement with Raman analysis.  

Comparative electrochemical curves of NVPFO2 Acetone versus NVPFO2A@C are displayed 

in Figure 8, the sintered material exhibits the highest specific capacity, very close to the 

theoretical value (Figure 8a). Furthermore, the dQ/dV derivative curves reveal a slight change 

into the sodium insertion and extraction mechanisms due to the change in O/F composition of 

the material (Figure 8b).49 The first derivative signature of NVPFO2A@C is characterized by 

two broad peaks supporting solid solution type reactions whereas the sharp peak for the low 

voltage plateau for NVPFO2 Acetone suggests the presence of biphased reactions.6 This is in 

good agreement with previous observations made for the series of compounds Na3V2(PO4)2F3-

yOy (0 ≤ y ≤ 2): biphasic reactions are only associated to charge and alkali orderings for y = 0 

(V3+ only) or y = 2 (V4+ only), whereas solid solution reactions are observed for the mixed 

valence V3+/V4+ intermediate compositions (0 < y < 2).6,9 Regarding the long-term cycling at 

C/5, both NVPFO2 Acetone and NVPFO2A@C exhibit a similar excellent capacity retention, 

with however a much higher initial specific capacity of 123 mAh/g for the NVPFO2A@C 

versus 107 mAh/g for the NVPFO2 Acetone (Figure 8c). 

Rate capability tests were also conducted (Figure 8d), and they demonstrate that the thermal 

sintering can be beneficial for the electrochemical performance when comparing NVPFO2 

Acetone with NVPFO2A@C, with specific capacity still around 88 mAh/g at 2C versus 62 

mAh/g for NVPFO2 Acetone. Note that higher galvanostatic charge/discharge rates were also 

tested but the use of Na metal as reference and negative electrode could not allow to obtain 

reproducible results (see Figure S10).  The impedance spectroscopy results (Figure 8e) revealed 

that a smaller high-frequency semi-circle is observed for the NVPFO2A@C indicating a lower 



charge transfer resistance and thus a better electronic conductivity, which aligns with rate 

capability results with a higher exhibited capacity at different cycling rates. In conclusion, a 

carbon layer on the polyanionic particle surface is more efficient compared to an IL based one 

for optimizing energy storage performance of electrode polyanionic materials. Besides, 

carbonizing the ionic liquid layer on the surface of the active material is a promising strategy 

to enhance electrochemical performance using only the solvent as a carbon source. In the future, 

it could be interesting to see if using an ionic liquid with longer alkyl chains or with different 

anions would increase the coating homogeneity or add other dopant which may result in even 

better performance.  

 

Figure 8: a) Galvanostatic curves of the 3rd cycle obtained at C/20 for NVPFO2 Acetone and 
NVPFO2A@C, b) Potential derivative curves of the 3rd cycle at C/20 for NVPFO2 Acetone and 
NVPFO2A@C, c) Capacity retention and coulombic efficiency at a rate of C/5 for 100 cycles, 
d) Capacity retention at different C-rates and e) Nyquist plots obtained for both NVPFO2 
Acetone and NVPFO2A@C using EIS conducted after 3 galvanostatic cycles at C/20. 

 

Finally, regarding the topochemical reaction in ionic liquid for the synthesis of NVPFO2 as 

reported in this work, several arguments can be brought to illustrate the advantages of such 

process. First, ionic liquids offer increased safety due to their negligible vapor pressure and 

thermal stability up to moderate-to-high temperatures (250–350°C). This contrasts with 



conventional solvothermal synthesis employing solvents such as water and ethanol, which pose 

higher risk due to the high-pressure conditions generated in the autoclave. Moreover, compared 

to water or ethanol, which have heat capacities of 4188 J.kg-1.K-1 at 290 K50 and 2381 J.kg-1.K-

1 at 300 K51 respectively, ionic liquids generally require less energy for heating.52 For instance, 

Sanmamed et al.53 reported that the heat capacity of EMIM BF4 ranges from 300 J.mol-1.K-1 

(1515 J.kg-1.K-1) to 314 J.mol-1.K-1 (1586 J.kg-1.K-1) between 283.15 K and 323.15 K. 

Additionally, this process is simpler than the well-established solid-state synthesis process, 

which involves multiple steps. For example, the synthesis of VOPO4·2H2O precursors, 

followed by dehydration or reduction to obtain VOPO₄ or VPO₄, adds additional steps before 

mixing with NaF to produce Na3V2(PO4)2F3-yOy (0 ≤ y ≤ 2) materials.8,9,49
 Then, the rather low 

synthesis temperature of 220°C is very interesting in terms of energy consumption, while solid 

state route requires high temperatures between 600°C and 650°C and even at higher 

temperatures to obtain the VPO4 precursor.8,9  

The resulting plate-like morphology, oriented along the (a,b) planes, also enhances sodium 

diffusion. Indeed, due the platelets agglomeration, a different direction of diffusion such as 

along the platelets thickness (orientation along the (a,c) or (b,c) planes) could actually impede 

the Na+ to properly be extracted from the active material particles despite the reduction of the 

diffusion length within the material bulk as demonstrated by Fang et al15. 

Finally, by adding these advantages with the possibility to transform the ionic liquid layer into 

a carbon coating, the synthesis of Na3V2(PO4)2F3-yOy (0 ≤ y ≤ 2) phases in ionic liquids medium 

appears to be a promising method to obtain pure and efficient active material for Na-ion 

batteries. 

 

 

 

 

 

 

 

 

 



 

4. Conclusion 

A series of VOPO4·2H2O powders with distinct particles morphologies were synthetized 

and used as precursors to obtain three Na3V2(PO4)2FO2 materials via topochemical reaction, 

each with specific particles size and shape. Due to these specific synthesis conditions and the 

peculiar 2D morphology of the precursor, the three active materials possess platelets shape 

particles with varying size and organization as characterized by SEM. FTIR and TEM analyses 

revealed that the three powders are encapsulated in an ionic liquid-based layer, which actually 

can be beneficial for the energy storage applications. Electrochemical tests in galvanostatic 

conditions showed that all three materials deliver high capacities at low cycling rate, however, 

the NVPFO2 synthetized from the VOPO4·2H2O Acetone precursor exhibits the best capacity 

retention due to its more favourable particle size and particles agglomeration. The latter was 

selected to explore the feasibility of applying a carbon coating by carbonizing the ionic liquid 

coating without any additional carbon source. The resulting product exhibits slightly different 

lattice parameters than the pristine one, revealing a change in the fluorine/oxygen composition 

during the thermal treatment, as also confirmed by changes in the electrochemical signatures. 

Regarding the carbonization of the ionic liquid layer, preliminary results demonstrate the 

potential of this process with a consequent increase of the specific capacity and rate capability. 

However, an optimization is still needed to enhance the coating homogeneity.  

In conclusion, the topochemical synthesis of Na3V2(PO4)2FO2 in ionothermal conditions 

offers a promising approach for controlling particle morphology by manipulating the reaction 

conditions used to synthetize the precursor. Concerning the surface modification by the 

formation of a carbon coating, the use of an ionic liquid-based layer as a carbon source appears 

to be very promising, especially due to the extremely large number of different ionic liquids 

that can be obtained that is estimated up to 1012 possible cations and anions combinations.23 
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