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Abstract: 

The series of polyanionic compounds Na3V3+
2-yV4+

y(PO4)2F3-yOy (0 ≤ y ≤ 2) attracts much 
attention as positive electrode material for Na-ion batteries, because of its high operating 
potential and stable cycling performance. A series of nanospherical Na3V3+

2-yV4+
y(PO4)2F3-yOy 

(NVPFOy) materials with y = 0.8, 1.35, 1.6 and 2 was synthesized using a solvothermal reaction 
and changes in the vanadium average oxidation state were fully characterized combining 
analyses by Raman and infrared spectroscopies and X-ray diffraction. Raman spectroscopy, 
beyond checking for the absence of a carbon coating, was in fact used for its sensitivity to the 
vanadium environment and turn out to be an efficient characterization technique to estimate the 
oxygen content within the Na3V3+

2-yV4+
y(PO4)2F3-yOy family. The impact of the oxygen content 

on the transport properties was evaluated by electrochemical impedance spectroscopy. The 
material with y = 1.35 demonstrates the smallest electrical resistivity in the series, as well as 
the best rate capability and cyclability upon long-term cycling, despite no carbon coating and a 
high mass loading positive electrode.  

 

KEYWORDS: Na-ion batteries; Polyanionic positive electrode materials; Na3V2(PO4)2F3; 
Na3(VO)2(PO4)2F; Transport properties; Raman spectroscopy.   

* Corresponding authors:  

S. Cassaignon (sophie.cassaignon@sorbonne-universite.fr) 

J. Olchowka (jacob.olchowka@icmcb.cnrs.fr)  

 

 



1. Introduction 

As the climate problem grows, the European Union, like many political entities all over the 

world, proposed to reach the climate-neutral by 2050, which means reaching net zero 

greenhouse gas emissions with the help of European climate law.1 This ambition inevitably 

requires reducing the consumption of fossil fuel energy and strongly enhances solar and wind 

energy production. However, due to their intermittent character, these latter can be efficient 

only when coupled with performant energy storage devices that can store the excess of 

production and reinject it into the grid during peak demands. Sodium-ion batteries are believed 

to be a reliable and environmentally friendly energy storage system to respond this problem.2–

4 Among all the materials tested as positive electrode materials, such as layered oxides and 

polyanionic ones, the series of Na3V3+
2-yV4+

y(PO4)2F3-yOy (0 ≤ y ≤ 2) (NVPFOy) is one of the 

most promising due to its high operating voltage, long cycling stability and low volume changes 

upon the extraction/insertion of two Na+ ions per formula unit.5–8  

The three-dimensional framework of this family is made of V2O8F3-yOy bi-octahedral units 

interlinked together by PO4 tetrahedra that allows efficient 2D Na+ diffusion within tunnels 

along the 110  and 110  directions.9 Unfortunately, although the phosphates contribute 

largely to stabilize the structure during cycling, they isolate the metal ions that begets a rather 

poor intrinsic electronic conductivity which reduces significantly the performance, especially 

at high rates. Such as it was done for LiFePO4, many remedies are proposed to improve the rate 

capabilities, such as combining NVPFOy with conductive carbon source (carbon coating, 

carbon nanotube, graphene etc.),10–18 performing an elemental substitution (Al, Fe, Mn etc.)19–

22, and designing nanostructured morphologies 13,23–27. However, few studies have been done to 

evaluate the intrinsic conductivity within the Na3V3+
2-yV4+

y(PO4)2F3-yOy series depending on 

oxygen content. Broux et al. demonstrated that a low partial substitution of O2- for F- (when the 

composition changes from Na3V2(PO4)2F3 (y = 0) to Na3V2(PO4)2F2.5O0.5 (y = 0.5)) could 

improve both the electronic and ionic conductivities (at 95°C, from 1.22 × 10−10 to 3.76 × 10−10 

S.cm-1 and 4.98 × 10−10 to 6.38 × 10−10 S.cm-1, respectively).28 Park et al. performed high 

temperature measurements (> 430 K) and estimated, by interpolation, a room temperature 

electrical conductivity close to 2.4 × 10−12 S.cm−1 for Na3V2(PO4)2F1.4O1.60 (y = 1.60).29 

Similarly, it is reported that the O2- for F- substitution improves the ionic conductivity of Na+ 

and stabilizes the structure during the overcharge.30,31 Dealing with electrochemical 

performances, Qi et al. reported that higher rate capability is achieved for Na3V3+
2(PO4)2FO2 (y 

= 2) compared to Na3V4+
2(PO4)2F3 (y = 0), possibly due to a faster Na+ diffusion32. However, 



few is known whether a mixed V3+/V4+ pristine composition could be of benefit or not for high 

rate charge/discharge.  

In this work, four compounds of the Na3V3+
2-yV4+

y(PO4)2F3-yOy series, and possessing different 

O/F ratios, were synthesized using solvothermal reactions. Their chemical composition was 

carefully determined by X-ray diffraction and a combination of spectroscopic techniques, 

whereas microscopy imaging confirmed that the same spherical morphology was obtained for 

all the members of the series. Electrochemical impedance spectroscopy analyses and 

electrochemical tests, including high rates and long range cycling, were performed to 

investigate the influence of the chemical composition of NVPFOy on their electronic 

conductivity and energy storage performance. Moreover, these analyses were carried out on 

electrodes with high mass loading of active material (88 wt.%) prepared without any carbon 

coating, with the aim to better determine the oxygen content impact on the electrochemical 

properties in conditions as close as possible to practical conditions. 

2. Experimental Section 

2.1 Materials preparation 

A series of Na3V3+
2-yV4+

y(PO4)2F3-yOy (NVPFOy) compounds was prepared via an easy one-

step solvothermal reaction. First, appropriate amounts (molar ratio) of vanadium 

acetylacetonate (Sigma-Aldrich; ≥ 97%) (V(acac)3), vanadyl acetylacetonate (Sigma-Aldrich; 

≥ 97%) (VO(acac)3), sodium fluorine (Prolabo; 98%) and phosphoric acid (VWR; 85%) were 

introduced into 100 mL Teflon Parr autoclave containing an equimolar mixture water/ethanol 

(Table 1) and stirred for 10 min. Then, the mixtures were heated in an oven at 180°C during 10 

h. Finally, polycrystalline powders, presenting various shades of green (Figure S1), were 

retrieved through complete cleaning by centrifugation (firstly with ethanol, then with distilled 

water) and a full drying in vacuum at 60°C overnight. As detailed in Table 1, stoichiometric 

amount of NaF and H3PO4 were used according to reference 33  in order to obtain nanospherical 

morphology, which shows extremely promising performance. The phase obtained from the 

precursors’ molar ratio of 0.25 VO(acac)2 : 0.75 V(acac)3 possesses, according to the Rietveld 

refinement and spectroscopic studies, similar composition to NVPFO0.8 (see Figure S2 in 

supplementary information for more details). Thus, due to a rather oxidative environment, these 

synthesis conditions would lead to a minimum average oxidation state of 3.4 for vanadium in 

the final product, with at least 0.8 V4+ among 2 per formula unit. The vanadium oxidation during 

solvothermal synthesis was already observed in our previous work.33  



Table 1: Detailed molar ratios and synthesis conditions used to prepare all the studied materials. 

 

2.2 Characterization techniques 

X-ray diffraction (XRD) measurements were carried out by using a BRUKER D8 ADVANCE 

diffractometer in θ-θ configuration, equipped with a Cu K1,2 X-ray source. The acquisition was 

performed in the 2θ angular range of 10° – 140° with a step size of 0.0197°. The Rietveld 

refinements were performed using the FullProf Suite.34  

Scanning electron microscopy (SEM) images were taken without any conductive deposition by 

a Hitachi Model S-3400N microscope and SEM-FEG (field emission gun) images were 

obtained on a Hitachi SU-70 microscope. Transmission electron microscopy (TEM) analyses 

were carried out with the Tecnai spirit G2 microscope. The powder was sonificated for 20 min 

in ethanol before the analysis.  

Fourier transformed infrared (FT-IR) spectra were recorded by using a PerkinElmer Spectrum 

400 FT-IR/FT-NIR spectrometer in the wavenumber range of 400 - 4000 cm-1 (mid-IR). Raman 

spectra were obtained with a confocal LabRAM HR Evolution micro-spectrometer from Horiba, 

using a 633 nm laser source. They were collected in the range 100-1300 cm-1, using a 10.6 mm 

(NA 0.5) focal length lens and with an acquisition time of 20 s and 40 accumulations. Additional 

acquisitions were performed between 450-600 cm-1 and 850-1100 cm-1 in order to reach a better 

resolution in these wavenumber ranges.  

The electrical properties of Na3V2(PO4)2F3−yOy compounds were investigated by 

electrochemical impedance spectroscopy (EIS). For this purpose, the powders were mixed with 

camphor (about 2 wt.%) and pressed into pellets of 13 mm diameter applying 200 MPa by 

means of a uniaxial press. Subsequently, the pellets were heat-treated at 250 °C for 1 h under 

air to evaporate the camphor. Then, gold electrodes were sputtered on their parallel opposite 

faces to ensure electrical contact. EIS measurements were performed at OCP using a Solartron 

1260 Impedance/Gain Phase Analyzer in the frequency range between 1 MHz and 1Hz, with 

an applied root mean square voltage of 100 mV, 10 points per decade and 20 measures per point. 



The measurements were carried out in air, using a two-probe sample-holder and over the 

temperature range of 100 - 300 oC.  

The electrochemical performances of the materials were tested in CR2032-type coin cells. The 

positive electrodes were prepared as a mixture containing the active material, carbon black, and 

polyvinylidene fluoride (PVDF) in NMP (N-Methyl-2-pyrrolidone) with the ratio of 88/7/5 (by 

wt.%). After an hour of thorough mixing, the black ink was casted as a flat film by doctor blade 

on an aluminum foil and dried in an oven at 60°C. Disks were cut, then pressed under 5 tons 

and finally dried overnight at 80oC under vacuum. A homemade electrolyte containing a 1 

mol.L-1 solution of NaPF6 (Strem Chemical; 99%) in ethylene carbonate and dimethyl 

carbonate (EC/DMC = 1/1) with 2 wt.% of fluoroethylene carbonate (FEC) was used for all the 

electrochemical tests. The assembled cells were cycled in galvanostatic mode, from C/20 to 2C 

cycling rates between 2.5 and 4.3 V vs. Na+/Na. The theoretical capacity being 128 mAh.g-1 

(corresponding to 2 Na+ reversibly extracted from NVPFO2), the rate C/20 corresponds to the 

exchange of 2 Na+ in 20 hours. The electrodes have a typical active mass loading around 5 

mg.cm-2. The tests were performed several time and Figure S3 shows an example of 

reproducibility. 

3. Results and discussions 

3.1 Structural and morphological characterization 

The XRD patterns obtained for all the compounds synthesized by solvothermal method indicate 

the successful syntheses of pure phases that belong to the solid solution 

Na3V3+
2-yV4+

y(PO4)2F3-yOy (Figure 1a). The lattice parameters determined from the Rietveld 

refinement are reported in Table 2 and the results of these refinements are presented in Figures 

S1.9,30 



 

Figure 1. a) X-ray diffraction patterns of NVPFO0.80, NVPFO1.35, NVPFO1.60 and NVPFO2. The red ticks 
correspond to theoretical positions as reported in ICDD 00-066-0322. b-c) Comparison of the c-cell parameters 
and V/Z values (V/Z being the cell volume per formula unit) as determined for these four compounds by Rietveld 
refinement with those already reported in ref30. The dash lines give the evolution of these parameters as a function 
of y in Na3V2(PO4)2F3-yOy. 

The structure of Na3V2(PO4)2F3 is built from V2O8F3 bi-octahedral units linked to each other 

by phosphate groups to generate a 3D framework. Each bi-octahedron is composed by two 

VO4F2 octahedra sharing a common fluorine. The fluorine atoms are in apical positions (along 

the c-axis) and the oxygen atoms in the equatorial plane.35 The substitution of F- anions that are 

pointing outside the bi-octahedra by O2- induces vanadium oxidation from V3+ to V4+ and 

formation of short covalent V=O bonds (~1.6 Å) instead of long ionic V-F bonds (~2 Å) 

(Figure S4).36 Thus, as reported by Park et al. and Nguyen et al., it is possible to determine the 

chemical composition of the NVPFOy family members from the c-cell parameter and V/Z value, 

the cell volume per formula unit, due to their linear evolution within the solid solution  

Na3V3+
2-yV4+

y(PO4)2F3-yOy (0 ≤ y ≤ 2).8,30 For instance, in Figure 1a (insert), it can be clearly 

seen a shift of the (002) reflection to higher 2θ values when increasing the ratio of V4+/V3+ 

precursors, which according to Bragg law leads to a decrease of the c-cell parameter. Based on 

the lattice parameters determined from Rietveld refinement, the syntheses lead to the 

preparation of Na3V3+
1.20V4+

0.80(PO4)2F2.20O0.80 (NVPFO0.80), Na3V3+
1.65V4+

1.35(PO4)2F1.65O1.35 

(NVPFO1.35), Na3V3+
1.40V4+

1.60(PO4)2F1.40O1.60 (NVPFO1.60) and Na3V4+
2(PO4)2FO2 (NVPFO2) 

(Table 2, Figures 1a-c and S1). It can be noticed that due to the oxidative character of the 

solvent (water/ethanol mixture), V3+ is partially oxidized during the synthesis, which leads to 



compounds with vanadium mean oxidation state higher to the one expected from the reactants’ 

ratio. This oxidation in hydrothermal conditions was already reported in several works and 

highlights the difficulty to precisely control the chemical composition within this polyanionic 

series, especially for F--rich members.33,37–39 

Table 2: Lattice parameters obtained by the Rietveld refinement of the XRD patterns, coherent domain sizes along 
the (220) and (002) directions, and chemical compositions determined for all the NVPFOy materials. 

 

Infrared spectroscopy measurements reveal the presence of bands at ~675 cm-1 and ~1050 cm-1 

corresponding to the vibrations of V-O bonds and phosphate groups respectively. Additionally, 

bands associated to vanadyl bonds are observed for the four compounds with the systematic 

presence of sharp signals at 915 and 940 cm-1, characteristic of the vibrations generated by 

covalent V=O bonds (Figure 2a). Nguyen et al. suggested that the presence of these two νV=O 

bands is consistent with two different local environments for the vanadyl bond.30 The band at 

940 cm-1 (Band B) would correspond to a V4+=O bond with a V3+-F bond opposite along the 

axis of the bi-octahedral unit, whereas the one at 915 cm-1 (Band A) involves the presence of 

two V4+=O bonds in the same bi-octahedra. Thus, the relative intensity observed between the 

two V=O vibration bands tends to match the variation of the vanadium average oxidation state 

determined by X-ray diffraction: the higher the Band A (V4+-V4+ bi-octahedra) / Band B (V4+-

V3+ bi-octahedra) ratio, the higher the vanadium mean oxidation state (Figure 2b).  

 



Figure 2. FTIR spectroscopy analyses: a) The intensities of the spectra were normalized to the signal attributed 
to vibration of phosphate groups at ~1050 cm-1 to highlight the evolution of the intensities attributed to the 
vibrations of V=O bond, depending on its concentration, and b) Focus between 890 and 960 cm-1 to better observe 
the evolution of V=O bonds. 

Complementary to Infrared spectroscopy, Raman spectroscopy is another efficient method to 

probe the local environments within materials.40 To the best of our knowledge, this technique 

is, up to now, used mainly to characterize graphitization degree of the carbon coating applied 

on NVPFOy to enhance the electronic conductivity of the electrode material,24,41 whereas it 

could give precious information on vanadium environment. Figure S5 exhibits the Raman 

spectra of all compounds obtained with a 633 nm laser source between 100 and 1300 cm-1, 

while Figure 3 shows the enlarged areas that will be discussed here more in details. On Figure 

3a, the signal around 940 cm-1 is attributed to V=O vibrations whereas the broad band at ~1050 

cm-1 is characteristic of phosphate vibrations.42,43 This attribution is supported by absence of 

band at 940 cm-1 for Na3V2(PO4)2F3 which does not possess vanadyl bond (Figure S6). Within 

NVPFOy series, the intensity of the peak at 940 cm-1 increases continuously with the 

concentration of vanadyl bonds as determined from X-ray diffraction, which demonstrates the 

possibility to estimate whether the composition is V3+-rich or V4+=O-rich by analyzing the 

intensity ratio between the vanadyl and phosphate bands (Table 3). Additionally, the low 

intensity signal at 900 cm-1 (* in the Figure 3) observed for NVPFO0.80 disappears for the more 

oxidized compositions, which may reveal a change in structure symmetry. This is in perfect 

agreement with the work of Nguyen et al., which reported a clear orthorhombic distortion in 

NVPFOy series for y ≤ 1, whereas a tetragonal symmetry could be considered for phases with 

y > 1.30 Besides, the intensity of the vibration peak generated by V-O bond (Figure 3b) is 

gradually decreasing and accompanied by a right ward shift from 525 to 532 cm-1 with the 

increase of vanadium mean oxidation state.42 Indeed, this linear displacement can be perfectly 

explained by the increase of Vn+-O bond covalency upon metal ion oxidation and the position 

of the band can thus be used to estimate the vanadium mean oxidation state and hence the 

chemical formula within the solid solution (Figure S7). Thus, Raman spectroscopy appears to 

be an efficient complementary technique to confirm the Na3V3+
2-yV4+

y(PO4)2F3-yOy (0 ≤ y ≤ 2) 

composition deduced by X-ray diffraction and although theoretical calculations would be 

needed to attribute each signal, it could help to alleviate doubts about symmetry in this series.9 



 

Figure 3. a) Raman spectra collected for NVPFO0.80, NVPFO1.35, NVPFO1.60 and NVPFO2: The intensities of the 
spectra were normalized to the signal attributed to the vibration of phosphate groups at ~1050 cm-1 to highlight 
the evolution of the intensity attributed to the vibration of V=O bond depending on its concentration, and b) focus 
between 450 and 600 cm-1 to observe the evolution of the band attributed to vibration of V-O bonds. 

Table 3: Absolute intensity ratios of the V=O vibration and PO4
3- vibration for all the materials studied 

 

SEM images (Figure 4) show that all the compounds unveil micrometric aggregates made of 

spherical particles with diameters distributed between 200 and 400 nm and present very similar 

particle size distribution according to the histogram illustrating the statistics of particle sizes 

(Figure S8). Complementary analyses by high resolution SEM-FEG reveal that these spherical 

particles are mainly composed of smaller spheres of about 30 nm diameter. Furthermore, 

HRTEM analyses (Figure 5) and spacing measurements of lattice fringes confirm that these 

primary particles of 20-30 nm are NVPFOy crystallites, which perfectly fits to the crystallite 

size determined by XRD using Scherrer equation (Table 2). According to a recent work that 

reports a study dealing with the influence of NVPFOy particle’s morphology on energy storage 

performance, spherical aggregates composed of nanospherical particles allow an optimal access 

to the Na+ diffusion channels and should be favored to reach the best high rate performance.33 

Furthermore, the spherical aggregates morphology should promote the formation of a 

homogeneous slurry to be casted on the aluminum positive electrode current collector. 



 

Figure 4: SEM images of a) NVPFO0.80, c) NVPFO1.35, e) NVPFO1.60, and g) NVPFO2. The corresponding SEM-
FEG images of b) NVPFO0.80, d) NVPFO1.35, f) NVPFO1.60, and h) NVPFO2. 



 

Figure 5. a) and b) HRTEM for NVPFO1.35. 

The different lattice fringes observed by HRTEM (0.27 nm (222), 0.32 nm (220), 0.53 nm (002) 

and 0.55 nm (111)) confirm the good crystallinity of the small primary particles of NVPFO1.35. 

Moreover, the observation of various crystalline lattices (Figure 5) suggests the absence of 

preferential orientation and may weight in favor of crystallite’s spherical shape. Similar results 

are obtained for the rest of the NVPFOy series and are presented in Figure S9.  

3.2 Transport and Electrochemical properties 

Thus, this NVPFOy series of compounds presenting different chemical compositions while 

preserving a very similar particle’s size and morphology represents an ideal case to study the 

effect of the oxygen content on the transport properties. A first analysis of the complex 

impedance data of the NVPFOy compounds reveals quite similar electrical behavior in all 

studied samples. Figure 6 depicts complex impedance plots for each compound recorded at 

200 oC. Here, the complex impedance data (Z*) have already been normalized regarding the 

shape factor (l/A, thickness over area) of each sample according to the relation Zs* = Z*.A/l, 

given rise to the specific impedance (Zs*). This approach allows to compare the samples directly 

and their overall electrical resistivity can be promptly read at the low-frequency intercept of the 

impedance data on the axis representing the real part of specific impedance (Zs’).44 A common 

feature in the electrical behavior is the distorted semi-circles probably caused by a jointly 

contribution of grains and grain boundaries at high and middle-frequency ranges, 

respectively.28,45 The deconvolution of these contributions applying a suitable equivalent circuit 

to fit the impedance data unveils that the grain impedance response is about one order of 

magnitude higher than that of the grain boundaries (Figure S10).28 However, the deconvolution 

procedure is not possible for all samples nor all temperatures of measurements due to the very 

similar electrical relaxation processes of grains and grain boundaries. In this case, only the 

overall impedance of the samples can be determined but it should be mostly controlled by the 



impedance of the grains (Figure S10). As shown in Figure 6, NVPFO1.35 compound presents 

the highest conductivity among the NVPFOy compounds investigated. Another similar aspect 

in the impedance response obtained at 200 oC for this series, is the absence of polarization 

phenomenon (ion-blocking effect) characterized by a steep increase of the imaginary part of 

impedance (Zs”) at low-frequency range, which is the main signature of an ionic conductor.46,47 

Therefore, it is reasonable to assume that the nanometric NVPFOy compounds investigated here 

are mostly electronic conductors at this temperature (200 oC).  

 

Figure 6: EIS analyses of the Na3V2(PO4)2F3−yOy compounds performed at 200oC, namely, NVPFO0.80, NVPFO1.35, 

NVPFO1.60 and NVPFO2. The complex impedance data shown here have already been normalized regarding the 
shape factor of each sample for comparison purposes. 

However, when the electrical behavior of these compounds is analyzed as function of the 

temperature, a more intricate impedance behavior is unfolded. Figure 7 displays the 

dependence on frequency of the real (Zs’) and imaginary (-Zs”) parts of the specific impedance 

of the series of materials in the whole range of temperatures investigated (100-300°C). Again, 

the electrical resistivity can be promptly read on the left y axis at the low frequency plateau 

because the impedance data have been normalized by the shape factor of each sample. With 

respect to the imaginary part of impedance, the -Zs” peak shifts to higher frequencies as the 

temperature is increased. This behavior is due to the drop in the electrical resistivity with the 

temperature which increases the relaxation frequency (f) of the semicircle that is inversely 

proportional to the resistance (R) and capacitance (C) of the sample (f ~1/RC).44 Although in 

the middle-frequency range (10-100Hz), interferences of the electrical wiring in the 

measurement room increases the dispersion of measurements, the overall trend of evolution is 



not influenced. Nonetheless, the most important feature that differs the samples is spotted at 

low-frequency range (1-10 Hz), where the polarization phenomenon should arise.46,47 

NVPFO0.80 (Figure 7a) and NVPFO1.35 (Figure 7b) samples present a typical behavior of an 

electronic conductor, since from the high-frequency -Zs” peak, the imaginary part, diminishes 

continuously with the decrease on frequency, for all temperatures. No polarization is observed, 

as expected if the main charge carriers in the sample are electrons, when the electrodes used in 

the measurement (gold in this case) present electronic conductivity several orders of magnitude 

higher than the analyzed sample. On the other hand, NVPFO1.60 (Figure 7c) and NVPFO2 

(Figure 7d) samples exhibit at high temperatures an increasing of -Zs” in the low-frequency 

range, evidencing a polarization behavior. This feature is typical for an ion conductor, and it is 

caused by the blockage of mobile ions in the metallic electrodes. Therefore, at high 

temperatures (> 180oC) the ionic contribution on overall conductivity for these two samples is 

likely to be as important as the electronic one.46,47  

 

Figure 7: Dependence on frequency of the real (half up filled symbol) and imaginary (half down filled symbol) 
parts of impedance of the a) NVPFO0.80, b) NVPFO1.35, c) NVPFO1.60 and d) NVPFO2 samples. The real and 
imaginary parts of impedance have already been normalized regarding the shape factor of the samples. 

Finally, the electrical conductivity dependence on the inverse of temperature (Figure 8) is 

plotted applying the linearized form of the Arrhenius-like relation (Eq. 1), which is mostly used 

for ionic conductors but sometimes also applied for electronic conductors.47–49 



T  exp                                                                  (1) 

Here, σ0 is the pre-exponential factor, Ea is the activation energy for ionic conductivity, kB is 

the Boltzmann constant, and T is the absolute temperature. Following this methodology, the 

linear fit slope is proportional to the activation energy, which therefore provides access to the 

energetic barrier of the mechanism responsible for the electrical transport.49 Figure 8 exhibits 

the Arrhenius-like plots of the overall electrical conductivity of the NVPFOy compounds 

investigated in this work as well as those reported in literature by Broux et al..28 Overall, the 

dependence of the electrical conductivity on temperature for the nanometric NVPFOy 

compounds seems to present a low (T<180oC) and a high (T>180oC) temperature regime due 

to the dominating electronic transport at low temperatures and the mixed ionic-electronic 

conducting behavior at higher temperatures. The activation energy of the high temperature 

regime is considerably higher than the low-temperature one for all nanometric NVPFOy 

samples (Table 4). However, when the samples are compared at the same temperature regime, 

the activation energy of nanometric NVPFOy samples are nearly the same if uncertainties are 

considered (Table 4). Even though, the NVPFO1.35 sample presents the highest overall 

conductivity in the entire investigated temperature range. Two activation energy regimes have 

been also visualized for the micrometric NVPFOy compounds reported in literature.25 

Nevertheless, the transition on this last case takes place around the temperature of 130 oC and 

it has been attributed to a structural change induced by a mobility of the Na+ ions on a ring. 

Besides, in the low temperature regime, the micrometric NVPFOy compounds reported in 

literature show much lower conductivity and higher activation energy than the nanometric 

NVPFOy compounds studied in this work (Table 4).28 Indeed, NVPFO1.35 possess, at 100 °C, 

an electrical conductivity nearly two order of magnitude higher than the micrometric NVPFOy 

reported in the literature, which clearly demonstrates the advantage of particle’s downsizing to 

improve electrical transport. Besides, these micrometric NVPFOy compounds were mostly 

ionic conductors on the contrast with the nanometric compounds of this investigation. 

Nonetheless, the high temperature polarization phenomenon spotted in the impedance response 

of samples NVPFO1.60 (Figure 7c) and NVPFO2 (Figure 7d) is in good agreement with the 

literature data, once above 180 oC the ionic conductivity of the micrometric compounds is in 

the same order of magnitude of the electronic conductivity of the nanometric compounds 

reported here. As a final point, NVPFO1.35 and NVPFO0.80 exhibit the best electrical 

conductivities within the investigated series. Besides the fact that V3+/V4+ bi-octahedra does not 

form continuous chains throughout the structure, which probably hinder the electronic transport, 



the decreasing of the particles size to nanometric scale are likely to created additional energy 

levels on the band gap of these compounds due to surface disorder, fostering the electronic 

transport. After the high temperature impedance measurement, the NVPFO1.35 was 

characterized again with XRD to check for its structure. The invariant peaks’ position confirms 

that the material retains its original crystal structure (Figure S11). 

Table 4: Activation energy for all the materials with temperature dividing point at ~ 180°C for nanometric 
NVPFOy (y = 0.8, 1.35, 1.6 and 2) and at ~130°C for micrometric NVPFOy (y = 1 and 0)28. 

 

  

Figure 8: Arrhenius-like plots of the dependence of the overall electrical conductivity of NVPFOy compounds on 
the inverse temperature. Black and deep blue points correspond to literature data for Na3V2(PO4)2F3 and 
Na3V2(PO4)2F2O sintered samples of micrometric grain size, respectively28. 

Figures 9a-d demonstrate the Galvanostatic charge and discharge curves profiles of the 1st ,2nd, 

and 5th cycles obtained at C/20 in the potential range 2.5-4.3 V vs. Na+/Na. The four electrode 

materials present two “pseudo-plateaus” of equivalent length characteristic of the NVPFOy 

family7,8,37,50 and a very low polarization indicating a good diffusion process of Na+ ions within 

the materials and the electrodes. All of them exhibit a first charge capacity of 126 mAh.g-1 

indicating the extraction of two Na+ (the theoretical capacity for NVPFO2 is 130 mAh.g-1) and 

show comparable first cycle irreversible capacity losses, leading thus to similar reversible 

capacities around 114 mA.h.g-1. As it could be expected from the mixed V3+/V4+ initial 



composition, the electrochemical curves of NVPFO0.80, NVPFO1.35 and NVPFO1.60 are 

composed by two rather slopping “plateaus” indicating that the Na+ intercalation/de-

intercalation is mainly driven by monophasic reaction.30 On the other hand, NVPFO2 exhibits 

more horizontal plateaus that suggests the presence of biphasic reaction upon the reversible 

desodiation.51 These different reaction mechanisms are supported by the corresponding first 

derivative curves presented in Figure 9e which reveals intense and narrow peaks for NVPFO2 

versus rather broad and less defined peaks for the other members of the series.25 From a practical 

point of view, the solid solution reaction usually leads to a smoother potential jump between 

the two pseudo-plateaus and could attenuate the heat generated due to the phase transition that 

is detrimental to long-term cycling.51,52 Meanwhile, it could be observed that the average redox 

potential of the second pseudo-plateau tends to rise with the increase of fluorine content due to 

the more ionic character of V-F bond compared to V=O one (Figure 9e). On the other hand, 



the average oxidation potential for the lower voltage plateau is less affected by composition and 

could not be linked to the fluorine content (Figure9e).  

 

Figure 9: a-d) Galvanostatic charge and discharge curves obtained in half-cell for all the NVPFOy electrode 
materials at the cycling rate of C/20. All the electrodes were prepared with 88 wt.% of active materials, 7 wt.% of 
carbon black, and 5 wt.% of PVDF in order to better observe the effect of composition change of NVPFOy. e) First 
derivative curves corresponding to the 5th cycle performed at C/20. 



 

Figure 10: a) Specific (reversible) capacities obtained for all the studied electrode materials at various C-rates 
from C/20 to 2C. b) Long term cycling performance of all the NVPFOy materials prepared without any carbon 
coating at C/10. It represents cycling time between 1200 and 1500 hours depending on the electrode materials. 

Although at low current densities all the electrode materials could nearly reach their theoretical 

capacities, the capacity retention differs within the series when the charges/discharges become 

faster (Figure 10a and Figure S12). For example, NVPFO1.35 exhibits ~90 mAh.g-1 at 1C while 

only 80 mAh.g-1, 70 mAh.g-1 and 50 mAh.g-1 are measured for NVPFO2, NVPFO0.80 and 

NVPFO1.60 respectively. There is no straightforward trend between the rate performance and 

the oxygen content within the series, however, as for the transport properties it can be noticed 

that Na3V3+
0.65V4+

1.35(PO4)2F1.65O1.35 exhibits the best results and 

Na3V3+
0.40V4+

1.60(PO4)2F1.40O1.60 the worst ones. Nevertheless, a direct correlation between 

electrical conductivity of the pristine materials and C-rate performances is not possible since 

the galvanostatic measurements involve Na+ extraction/insertion and hence, the composition as 

well as the vanadium mean oxidation state change upon cycling. It is important to notice that 

after testing the rate performance, the full capacity is recovered at C/10 for all series, which 

indicates that all the materials reveal good structural stability and the capacity drop at higher 

current density is only due to kinetic limitations. 

As represented Figure 10b and Figure S13, all the materials exhibit a capacity retention higher 

than 80% after 80 cycles at C/10 and an initial specific capacity higher than 100 mAh.g-1. Once 

again, Na3V3+
0.65V4+

1.35(PO4)2F1.65O1.35 demonstrates the best performance with an initial 

specific capacity of 115 mAh.g-1 and a capacity retention rate of 91% after 80 cycles which also 

confirms the good structural stability upon long-term cycling. Finally, considering the active 

mass rich formulation and high mass loading of the electrode as well as the absence of carbon-

coating, NVPFO1.35 with nano-spherical morphology reveals extremely favorable energy 

storage performance. 



Thus, by combining the results obtained in this work with those reported in the literature, the 

(partial) oxygen for fluorine substitution enhances the transport properties, which leads to better 

high-rate capacity retentions, and improves the structural stability at overcharged states.30 

Besides, two Na+ ions can be reversibly extracted for all the NVPFOy family members thanks 

to the possibility to access to V4+/V3+ and V5+/V4+ (or (V=O)3+/(V=O)2+) redox couples that are 

simultaneously activated during the electrochemical de-intercalation.30,33,36 Moreover, the 

partial O2- for F- substitution most probably prevents Na+/vacancy ordering during 

charge/discharge, which induces a monophasic Na+ de-intercalation/re-intercalation upon 

cycling whereas mainly biphasic behavior is observed for Na3V3+
2(PO4)2F3 and 

Na3V4+
2(PO4)2FO2.31 This leads to more sloping charge/discharge curves, lowers the potential 

jump after the extraction of the first Na+ ion and hence, probably reduces the heat generation 

that is detrimental for the cell stability. On the other hand, the average voltage corresponding 

to Na+ extraction continuously decreases upon oxygen for fluorine substitution. It decreases 

from ~ 3.95 V vs Na/Na+ for NVPF to ~ 3.8 V vs Na/Na+ for NVPFO2, which consequently 

decreases the energy density, as the theoretical capacity remains almost constant.8,30,33 

Therefore, it seems that a moderated O2- for F- substitution ratio would be the best compromise 

to take the benefit listed above without affecting too much the average potential.  

4. Conclusion 

To summarize, four compounds that belong to the Na3V3+
2-yV4+

y(PO4)2F3-yOy (0 < y < 2) family, 

and possessing different O2-/F- ratios (“y” parameter), were obtained through a low temperature 

solvothermal synthesis. They all possess the same nanospherical morphology that represents an 

ideal series to investigate the impact of the oxygen content (or V3+/V4+ initial ratio) on the 

electronic conductivity as well as on the energy storage performance. The structure of each 

compound was determined carefully by Rietveld refinement and the O2- content trend was 

confirmed by Infrared spectroscopy. Besides, Raman spectroscopy is for the first time reported 

for this series and reveals to be an efficient characterization technique to estimate the oxygen 

content within the Na3V3+
2-yV4+

y(PO4)2F3-yOy family. This work also shows the great impact of 

particle downsizing on the electrical conductivity that is improved by more than two order of 

magnitude compared to their bulk counterpart. Moreover, it was demonstrated that a high 

amount of mixed V3+/V4+ bi-octahedra most probably favors the electronic mobility. In this 

work, Na3V3+
1.65V4+

1.35(PO4)2F1.65O1.35 (y = 1.35) and Na3V3+
1.20V4+

0.80(PO4)2F2.20O0.80 (y = 

0.80) show the lowest electrical resistivity with 9×106 Ω.cm and 2×107 Ω.cm respectively at 

100°C. Na3V3+
1.65V4+

1.35(PO4)2F1.65O1.35 (y = 1.35) also presents the best rate capacity retention 



and stability upon long-term cycling. Finally, this study reveals that the intrinsic properties of 

NVPFOy materials could be improved by tailoring the oxygen content and mixed V3+/V4+ 

polyanionic electrode material should be further investigated to reach the best energy storage 

performance. 
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