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ABSTRACT: The redox processes involved in the Na+ deintercalation from Na3V2(PO4)2F3, Na3V2(PO4)2F2O and Na3V2(PO4)2F1.5O1.5 

are investigated operando by synchrotron X-ray absorption spectroscopy at the Vanadium K-edge. A continuous evolution in the pre-

edge and edge regions is observed for the three compositions, which is in good agreement with a progressive oxidation of vanadium. 

In the oxygen-substituted compositions, Na3V2(PO4)2F2O and Na3V2(PO4)2F1.5O1.5, the F─V3+O4─F and F─V4+O4=O redox centers 

coexist and can be simultaneously activated thanks to the reverse inductive effect promoted by the presence of highly covalent vanadyl 

bonds on V4+ sites. Principal component analysis of the dataset collected operando for the three compositions is performed. It reveals 

that three independent spectra, corresponding to different charge orderings on vanadium sites at different states of charge, are required 

to describe these three systems. The extended X-ray absorption fine structure analysis of the principal components is performed in 

order to gain insightful information on the evolution of the vanadium local environment upon cycling. By the use of first-principles 

density functional theory calculations, we demonstrate that the potential step observed in all Na2V2(PO4)2F3-yOy compositions is re-

lated to a charge ordering on vanadium sites with a preferential oxidation of vanadium ions in the same bioctahedra. 

 INTRODUCTION 

Sodium-ion batteries (SIBs) have recently been introduced 

and developed as a future alternate to the conventional lithium-

ion batteries (LIBs). In a typical SIB, the positive electrode ma-

terial plays a crucial role in determining the overall performance 

of the full battery.1–4 Several layered transition metal oxides, 

polyanionic compounds and Prussian blue analogues have been 

identified as active materials for positive electrode for SIBs.5–13 

Among all these materials, sodium vanadium oxy-fluorophos-

phates, Na3V2(PO4)2F3-yOy (0 ≤ y ≤ 2), are among the most 

promising ones thanks to their high operating voltages (~ 3.9 V 

vs Na+/Na), their high theoretical gravimetric capacities associ-

ated to the reversible extraction/insertion of two Na+ ions per 

formula unit, and their high stability upon long-term cycling.13–

18 

All Na3V2(PO4)2F3-yOy (0 < y ≤ 2) compositions can be con-

sidered as oxygen-substituted derivatives of Na3V2(PO4)2F3. 

The crystal structure of Na3V2(PO4)2F3 is built from a three-di-

mensional interconnection of V2O8F3 bioctahedral units and 

PO4 groups. Each V2O8F3 bioctahedron consists of two  

sub-octahedra containing V3+ centers coordinated by four oxy-

gen atoms in an equatorial plane and two fluorine atoms on the 

axial positions. These two octahedral sub-units are bridged to-

gether through a common fluorine atom, and the relatively mo-

bile Na+ ions occupy the empty space in the structure locating 

in the crystallographic planes at z = 0 and z = ½. (Figure 1a).19,20 

The two terminal fluorine atoms in the V2O8F3 bioctahedral 

groups can be partially or fully replaced by O2- ions, thus lead-

ing to the formation of Na3V2(PO4)2F3-yOy (0 ≤ y ≤ 2) composi-

tions, which can also be written as Na3V2-y(VO)y(PO4)2F3-y.
13,16–

18 In order to maintain the charge neutrality in these oxygen sub-

stituted compositions, the vanadium ion bonded to the terminal 

O2- is oxidized into V4+ together with the formation of the highly 

covalent vanadyl bond (V4+=O) (Figure 1b). The presence of 

these vanadyl bonds has a significant impact on the crystal 

structure, the electrochemical performance as well as the ionic 

transport properties of the oxygen-substituted phases.13,16–18,21,22 

Oxygen substitution for fluorine helps to improve the Na+ dif-

fusion processes, modifies the desodiation mechanism, and en-

hances the stability of the phase especially at high voltage in its 

highly deintercalated state. Furthermore, experimental observa-

tions have pointed out that the desodiation voltage decreases 

gradually when the oxygen substitution for fluorine occurs in 

these compositions.13,16,18 A similar phenomenon has also been 

observed in the LiVPO4F1-yOy (0 ≤ y ≤ 1) material family 23,24, 

and the lowering of the delithiation voltage due to the formation 

of highly covalent V4+=O bonds in LiVPO4F1-yOy was attributed 

to the so-called “reversed inductive effect” (Figure S1). By the 

use of operando X-ray absorption spectroscopy (XAS) at V K-

edge, our group has demonstrated that all O5V
4+=O redox cen-

ters in LiVPO4F1-yOy (0 < y < 1) would be oxidized before the 

activation of V3+O4F2. Furthermore, the activation of the 

{O5V
5+=O}3+/{O5V

4+=O}2+ redox couple in LiVPO4F1-yOy  



 

(0 < y < 1) occurs through a solid solution mechanism whereas 

the oxidation of V3+O4F2 into V4+O4F2 is accompanied by a bi-

phasic reaction.23 

 
Figure 1. (a) 3D crystal structure of Na3V2(PO4)2F3. The bi- 

octahedral units V2O8F3 and tetrahedral PO4 groups are shown as 

red and blue polyhedra, respectively. The Na+ ions, represented by 

yellow spheres, occupy the empty space in the structure locating in 

the crystallographic planes at z = 0 and z = ½, the partial filling of 

the yellow spheres highlighting the occupancy of the sites. (b) 

Schematic illustration of the oxygen substitution on the terminal 

fluorine positions of the bi-octahedron V2O8F3 leading to the for-

mation of Na3V3+
2-yV4+

y(PO4)2F3-yOy phases with the presence of 

the highly covalent vanadyl bonds (V4+=O). 

Operando synchrotron XAS at V K-edge during the Na+ 

extraction from Na3V2(PO4)2F3 recorded in fluorescence mode 

has recently been reported by our group.25 We have demon-

strated that the desodiation from Na3V2(PO4)2F3 occurred 

through two successive steps: (i) the F─V3+O4─F─V3+O4─F bi-

octahedral units in the initial state were gradually oxidized into 

F─V3+O4─F─V4+O4─F upon the electrochemical extraction of 

the first Na+ and (ii) the intermediate F─V3+O4─F─V4+O4─F units 

would evolve gradually into F─V3+O4─F─V5+O4─F upon the re-

moval of the second Na+ ion.25 We also hypothesized that the 

formation of F─V3+O4─F─V5+O4─F can occur: (i) through a di-

rect oxidation of F─V3+O4─F─V4+O4─F, or (ii) through a transi-

ent state, F─V4+O4─F─V4+O4─F, followed by a disproportiona-

tion of two V4+ ions present in the same bioctahedral unit. Even 

though the mechanism of the second step was unclear, the pres-

ence of V5+ ions in NaV2(PO4)2F3 was confirmed by 51V solid-

state nuclear magnetic resonance (ss-NMR) spectroscopy.25 

Nonetheless, our previous study focused only on the changes in 

vanadium’s oxidation states upon electrochemical cycling with-

out giving any information on the vanadium’s local structure 

upon Na+ extraction. 

In oxygen-substituted Na3V2(PO4)2F3-yOy (0 < y < 2) com-

positions, the redox mechanism would be much more complex. 

The formation of vanadyl bonds leads to the coexistence of two 

different vanadium redox centers: F─V3+O4─F and F─V4+O4=O, 

which are hereafter denoted as V3+─F and V4+=O, respectively. 

Many recent studies have pointed out that the presence of 

V4+=O redox centers helps to shift down the Na+-extraction 

voltages in Na3V2(PO4)2F3-yOy (0 < y ≤ 2) as compared to 

Na3V2(PO4)2F3.
13,18,26 By analyzing the 23Na ss-NMR and elec-

tron paramagnetic resonant (EPR) spectra recorded ex situ on 

NaxV2(PO4)2F1.4O1.6 (1 ≤ x ≤ 3) samples recovered at different 

states of charge of the battery, Li et al. reported that V4+=O re-

dox centers were preferentially oxidized in the potential range 

of 2.0−3.9 V vs Na+/Na while in the higher-voltage region 

(3.9−4.8 V), V3+─F and V4+=O were simultaneously activated.27 

Nevertheless, there was no information on the evolution of va-

nadium’s local environments upon cycling, e.g. their bond 

lengths, reported in this previous study. 

In this new study, we compare the redox processes as well 

as the changes in vanadium’s local environment involved in the 

desodiation process of the three representatives belonging to the 

Na3V2(PO4)2F3-yOy (0 ≤ y ≤ 2) series, including Na3V2(PO4)2F3 

(with F─V3+O4─F environments only), Na3V2(PO4)2F2O (mixed 

valence with F─V3+O4─F and F─V4+O4=O environments in the 

1/1 ratio) and Na3V2(PO4)2F1.5O1.5 (mixed valence with 

F─V3+O4─F and F─V4+O4=O environments in the 1/3 ratio) by 

operando synchrotron XAS. The obtained dataset is analyzed 

by a chemometric approach combined with a theoretical study 

from first-principles density functional theory (DFT) calcula-

tions in order to obtain an insightful understanding on the redox 

mechanism of vanadium ions in these oxy-fluorophosphates. 

 

 METHODS 

Sample Preparations. Na3V2(PO4)2F3, Na3V2(PO4)2F2O, 

and Na3V2(PO4)2F1.5O1.5 samples were obtained through a solid-

state synthesis approach described elsewhere.13,16,18 The X-ray 

diffraction pattern analysis and the chemical composition have 

been reported for each sample in Ref 18. 

Synchrotron X-ray Absorption Spectroscopy was per-

formed at the Vanadium K-edge energy in transmission mode 

at the ROCK beamline of the SOLEIL synchrotron facility 

(Saint-Aubin, France).28 In order to perform operando XAS 

measurements, the electroactive material was homogeneously 

mixed with carbon black and polytetrafluoroethylene (PTFE) in 

the ratio of 30/60/10 (by wt.%) then pressed in a 13 mm pellet 

die under 10 tons to form self-standing films of ~ 300 μm in 

thickness.29 Three different half-cells using Na3V2(PO4)2F3, 

Na3V2(PO4)2F2O and Na3V2(PO4)2F1.5O1.5 as positive electrodes 

were prepared for the operando XAS experiments. In order to 

avoid the strong absorption which might occur due to the high 

X-ray absorption coefficient of sodium, a hole was made in the 

Na negative electrodes. The Na//Na3V2(PO4)2F2O and 

Na//Na3V2(PO4)2F1.5O1.5 half-cells were cycled at C/10 cycling 

rate (per Na+) from 2.5 V up to 4.5 V vs Na+/Na while the 

Na//Na3V2(PO4)2F3 half-cell was cycled at C/5 cycling rate (per 

Na+). The Na3V2(PO4)2F3 powder was carbon-coated allowing 

the application of a high current without inducing significant 

polarization. Thanks to an automatic sample changer, these op-

erando cells were measured in parallel with an acquisition time 

of 6 mins (690 scans/spectrum) and the time interval between 

two successive spectra was 12 mins. The monochromatization 

was ensured using the channel-cut Si (111) QuickExafs mono-

chromator 30 and the beam size was 1.5 mm  0.45 mm (hori-

zontal  vertical). Three detectors in series allowed to measure 

during all the experiments a Vanadium metal foil which was 

used as reference to calibrate the energy. The energy calibration 



 

and normalization were done using graphical interfaces availa-

ble on the ROCK beamline.31 The ex situ samples (V3+PO4, 

LiV4+OPO4, Na3V
4+

2(PO4)2FO2, and V5+OPO4) were used as 

references to determine the oxidation states of vanadium spe-

cies. The operando XAS dataset was used as input for the prin-

cipal component analysis (PCA) in order to determine the num-

ber of independent components and their corresponding con-

centration profile. The expected XAS spectrum of these princi-

pal components was thus reconstructed using multivariate curve 

resolution−alternating least-squares (MCR-ALS) analysis.32 

The details of the PCA and MCR-ALS analyses have been de-

scribed elsewhere.25,33–39 The extended X-ray absorption fine 

structure (EXAFS) analysis was performed on the reconstructed 

spectra using the Demeter package.40 Fourier transforms of the 

k² weighted EXAFS oscillations were carried out in the k range 

of 2.6−11.7 Å-1. Fitting was performed in the R range of 1.0−2.2 

Å. EXAFS amplitudes and phase shifts were calculated by 

FEFF7. Except for the radial distance (Ri), the Debye-Waller 

factor (σi
2) and the energy shift (E0), all the other parameters 

were kept constant during the fit: the coordination number of 

each vanadium (N = 6, as O2- and F- are similar X-ray scatter-

ers), and the attenuation factor (S0
2 = 1). Due to the limited num-

ber of independent parameters that can be refined at the same 

time, one Debye-Waller factor is used for all F/O ligands sur-

rounding the vanadium center despite the difference in the na-

ture and the covalency of the respective chemical bonds. 

Density Functional Theory Calculations. First-princi-

ples calculations were performed within the DFT framework, 

and the calculations using the projector-augmented wave 

(PAW) method 41,42 were computed with the Vienna ab initio 

simulation package (VASP) code 41,43–46. The energy minimiza-

tion and electronic density on each atom were calculated using 

the Hubbard-U corrected PBE 47 exchange correlation func-

tional with an effective U value of 3.1 eV applied on the d states 

of vanadium, based on the reported optimization of the for-

mation enthalpies of vanadium-containing compounds.48 A 

pseudopotential of 600 eV and an automatic k-mesh of 222 

were used for all calculations, except in the case of 

NaV2(PO4)2F3 supercell, where the 221 k-mesh was em-

ployed. The structure optimization, the stability and the Na+ dis-

tribution for all the compositions in the 

Na4V2(PO4)2F3−V2(PO4)2F3 system had earlier been reported by 

Ceder’s group,49 and the Na+ orderings reported in this previous 

study were used as input models for Na2V2(PO4)2F3 and 

NaV2(PO4)2F3. In the case of Na3V2(PO4)2F2O, our group had 

earlier reported that there were different ways to distribute the 

F- and O2- ions on the terminal positions of the bi-octahedral 

units and all these models possessed similar stability 50; none-

theless, the Na+ distribution in the desodiated compositions, 

particularly Na2V2(PO4)2F2O and NaV2(PO4)2F2O, has never 

been examined by DFT calculations. In order to create the input 

models for Na2V2(PO4)2F2O and NaV2(PO4)2F2O, we assumed 

that the Na+ orderings in these phases would be similar to those 

reported for their counterparts, Na2V2(PO4)2F3 and 

NaV2(PO4)2F3, and applied them to the four different ways to 

distribute the F-/O2- ions as described in 50. The input models 

were first relaxed until they reached their minimum energy and 

the electronic density on each atom was thus calculated on the 

optimized structures. The 3D crystal structure and the spin dis-

tribution map of the optimized structures were visualized using 

VESTA.51 

 

 RESULTS AND DISCUSSION 

XAS Characterization on Na3V2(PO4)2F3, 
Na3V2(PO4)2F2O, and Na3V2(PO4)2F1.5O1.5. Before investigat-

ing the vanadium redox mechanism in Na3V2(PO4)2F3-yOy  

(0 ≤ y ≤ 2), we first compare the X-ray absorption near edge 

structure (XANES) spectra recorded on the pristine materials to 

identify their fingerprints in the pre-edge and edge regions. The 

V K-edge XANES spectra recorded on the three pristine mate-

rials, Na3V2(PO4)2F3, Na3V2(PO4)2F2O, and 

Na3V2(PO4)2F1.5O1.5 as compared to V3+PO4, LiV4+OPO4, 

Na3V
4+

2(PO4)2FO2, and V5+OPO4 references are presented in 

Figure 2. The edge energy of the three aforementioned samples 

falls in the energy range between V3+PO4 and LiV4+OPO4, thus 

indicating an oxidation state between +3 and +4. In 

Na3V2(PO4)2F3 (y = 0) the intensity of the pre-edge signal is ra-

ther weak as all the vanadium ions are trivalent and localized in 

the symmetric octahedral site F─O4V
3+─F, where all the sur-

rounding bond lengths are ~ 2.0 Å 19,50, and the 1s  3d transi-

tion in the pre-edge is forbidden.52–55 In the case of 

Na3V2(PO4)2F2O (y = 1), 50% of the F─O4V
3+─F local environ-

ments are replaced by F─V4+O4=O together with the formation 

of the highly covalent vanadyl bond (dV=O = ~ 1.62 Å), which 

distorts the vanadium local environment and increases the prob-

ability for the 1s  3d transition to occur. Indeed, the V K-edge 

XANES spectrum recorded on the pristine Na3V2(PO4)2F2O 

shows an intense pre-edge signal at 5469.5 eV (Figure 2); the 

more F─V4+O4=O present in the structure, the more intense the 

pre-edge signal is. As compared to Na3V2(PO4)2F3, the absorp-

tion edge of Na3V2(PO4)2F3-yOy (0 < y ≤ 2) oxygenated phases 

shifts slightly to a higher energy due to the gradual replacement 

of F─O4V
3+─F by F─V4+O4=O and the difference in the cova-

lency of Vn+─X bonds. Nonetheless, in this case, the edge posi-

tion is not a reliable criterion to discriminate different members 

in this family of materials. The pre-edge signal is the indeed 

signature that is much more sensitive to changes in the vana-

dium oxidation state and that must be used to identify the 

Na3V2(PO4)2F3-yOy compositions. 

 

Figure 2. Vanadium K-edge XANES spectra recorded on the three 

pristine materials Na3V2(PO4)2F3, Na3V2(PO4)2F2O, and 

Na3V2(PO4)2F1.5O1.5. The ex situ V3+PO4, LiV4+OPO4, 

Na3V4+
2(PO4)2FO2, and V5+OPO4 samples were used as references 

to determine the oxidation state of vanadium species. Inset shows 

a zoom on the pre-edge region between 5465 and 5475 eV. 

The Na3V2(PO4)2F3–NaV2(PO4)2F3 System. As explained 

earlier, the V K-edge XANES spectrum recorded on 

Na3V2(PO4)2F3 is characterized by a negligible pre-edge signal. 



 

The Fourier transformation is applied on the XAS spectrum and 

an EXAFS fit is performed in order to reconfirm the symmetric 

local environment of the vanadium absorber. In Na3V2(PO4)2F3, 

the F─O4V
3+─F─V3+O4─F bioctahedral units generate twelve 

V3+─F/O distances; nonetheless, the synchrotron X-ray diffrac-

tion (SXRD) data showed that the two V3+ ions in the same bi-

octahedron are equivalent 19,20 and thus the fitting model can be 

reduced to a single octahedron F─O4V
3+─F. The EXAFS model 

is defined by using one common parameter for all the V3+─F/O 

distances and another parameter for the Debye-Waller factor as-

sociated to the six F-/O2- ligands. The results reveal that V3+ is 

coordinated by six F/O ligands at an average distance of 

2.003(5) Å and  = 3.3(5)10-3 Å2 (Figure 3), which is in agree-

ment with the negligible pre-edge signal and the structural data 

determined by SXRD.19,20 Upon charging an 

Na//Na3V2(PO4)2F3 half-cell, the XANES spectra evolve line-

arly (Figure 4a) and the edge energy (taken at normalized ab-

sorption equals to 1.0) shifts gradually from 5482.0 eV to 

5484.8 eV (Figure S2), thus implying the oxidation of V3+ to 

higher oxidation states.18,25 

 

Figure 3. Average vanadium local environments determined by 

EXAFS analysis performed on the reconstructed EXAFS spectra of 

the principal components determined for the three systems 

Na3V2(PO4)2F3−NaV2(PO4)2F3, Na3V2(PO4)2F2O−NaV2(PO4)2F2O 

and Na3V2(PO4)2F1.5O1.5−NaV2(PO4)2F1.5O1.5. The vanadium re-

dox couples involved in the desodiation process are indicated on 

the double-headed arrows. The Na+ content (x value) for each com-

position is given on the left arrow. V3+, V4+ and V5+ ions are repre-

sented by red, light violet and dark green spheres while oxygen and 

fluorine are represented by red and light blue spheres, respectively. 

The octahedral sub-units used in EXAFS analysis are represented 

in form of bioctahedra in order to emphasize the existence of bioc-

tahedral units in these structures. †The distances of mixed sites in 

Na3V2(PO4)2F1.5O1.5−NaV2(PO4)2F1.5O1.5 are average values of the 

symmetric and distorted sites reported in Table S3. 

A PCA analysis performed on the whole XAS spectra 

shows that three independent components are required to de-

scribe the Na3V2(PO4)2F3−NaV2(PO4)2F3 system (Figure 4b), 

which is in agreement with our previous results.25 We had ear-

lier related the nature of these components to the 

F─O4V
3+─F─V3+O4─F, F─O4V

3+─F─V4+O4─F and 

F─O4V
3+─F─V5+O4─F bioctahedral units, respectively. This 

attribution was based on the structural changes observed by op-

erando SXRD recorded on the Na3V2(PO4)2F3─NaV2(PO4)2F3 

system upon electrochemical operation. We also reported that 

the NaV2(PO4)2F3 composition is characterized by the presence 

of F─O4V
3+─F─V5+O4─F bioctahedral units where the 

F─O4V
3+─F site presents the ‘quasi’-octahedral symmetry 

while the F─V5+O4─F site is highly distorted due to the for-

mation of an abnormally short V5+─F bond (~1.67(4) Å).56 Con-

sequently, no XANES signature of V4+ is expected at the end of 

charge as NaV2(PO4)2F3 would contain only 

F─O4V
3+─F─V5+O4─F. In practice, the V5+ XANES signature 

is detected upon charge; however, V4+ is still the dominant va-

nadium species even at the end of charge (Figure 4a), which is 

not the expected observation. 

As mentioned above, the PCA analysis performed on the 

Na3V2(PO4)2F3−NaV2(PO4)2F3 system indicates the presence of 

three independent components. Evidently, the first principal 

component corresponds to F─O4V
3+─F─V3+O4─F bioctahe-

dron, which is the only vanadium local environment that can 

exist in the Na3V2(PO4)2F3, and the EXAFS analysis for this 

component was reported in Figure 3. The second component is 

formed upon charging and its concentration reaches the maxi-

mum value at spectrum #20, and thus its nature should be linked 

to the nominal composition Na2V2(PO4)2F3 (Figure 4c). First-

principles DFT calculations were performed on the 

Na2V2(PO4)2F3 composition to gain an insightful understanding 

on the nature of this principal component. The spin distribution 

map calculated on Na2V2(PO4)2F3 structure shows the presence 

of a charge ordering on vanadium sites, where the vanadium 

oxidation tends to occur on two vanadium ions of the same bi-

octahedral unit rather than occurring randomly on different bi-

octahedra (Figure S3 and Figure S4a). Consequently, the elec-

tronic structure of Na2V2(PO4)2F3 is characterized by the pres-

ence of an equal amount of F─O4V
3+─F─V3+O4─F and 

F─O4V
4+─F─V4+O4─F. The co-existence of two different types 

of bioctahedral unit increases significantly the number of dis-

tances that needs to be included in an EXAFS fit. In our exper-

imental conditions, however, the maximum parameter that can 

be included in an EXAFS fit is limited to 6, hence an average 

model had to be used: The F─O4V
3+─F─V3+O4─F and 

F─O4V
4+─F─V4+O4─F bioctahedra were thus broken down 

into the F─O4V
3+─F and F─O4V

4+─F sub-units, respectively, 

which are equally present in the Na2V2(PO4)2F3 composition. 

We assumed that the V3+ site can retain its symmetric octahedral 

geometry during the whole charge/discharge and thus a single 

parameter was used to describe the six V3+─F/O bond lengths. 

On the other hand, as a slight local distortion could occur on the 

V4+ site, three different distance parameters were used to de-

scribe that environment: one for the terminal V4+─F bond, a 

common parameter for the four equatorial V4+─O bonds and the 

third for the bridging V4+─F bond. This can be depicted as a [6] 

+ [4 + 1 + 1] fitting model with one common Debye-Waller 

factor applied for all F-/O2- scatterers (corresponding thus to 5 

independent parameters). The quality of the EXAFS fit in the 

R-space and in the k-space is given in Figure 4d and Figure S5. 



 

 

Figure 4. (a) Operando Vanadium K-edge XANES spectra recorded on an Na//Na3V2(PO4)2F3 half-cell from 2.5 to 4.5 V vs Na+/Na. Inset 

focuses on the pre-edge area. (b) Concentration profile of the three principal components required to describe the XAS spectra recorded 

operando on an Na//Na3V2(PO4)2F3 half-cell upon charging from 2.5 to 4.5 V vs Na+/Na. The corresponding electrochemical profile is shown 

as black solid curve. (c) Reconstructed XANES spectra of the three independent components required to describe the 

Na3V2(PO4)2F3─NaV2(PO4)2F3 system as compared to the VPO4, LiVOPO4 and VOPO4 references. Inset focuses on the pre-edge area of the 

reconstructed spectra. (d) Fit of the k2-weighted Fourier transformed Vanadium K-edge EXAFS spectra (k-range: 2.7−11.6 Å-1, sine window) 

in the R space (R-range: 1.0−2.1 Å, dR = 0, sine window) for the three components determined for the Na3V2(PO4)2F3−NaV2(PO4)2F3 system

The refined bond length values and Debye-Waller factors are 

given in Figure 3 and Table S1. The EXAFS analysis shows a 

slight contraction in V─F/O distances of the F─V4+O4─F unit 

while those of F─O4V
3+─F are unlikely to be affected. Further-

more, the bond shortening in F─V4+O4─F seems to be aniso-

tropic and to occur preferentially along the axial direction of the 

bioctahedron (Figure 3). The charge ordering on vanadium bi-

octahedra in Na2V2(PO4)2F3 seems to be the reason for the for-

mation of a superstructure, which was earlier detected by oper-

ando synchrotron XRD, but its actual structure has not been 

fully resolved.56 

The third principal component appears in the middle of 

charge and reached its maximum concentration at the end of 

charge; hence, this component is related to the charge ordering 

on vanadium ions in the NaV2(PO4)2F3 composition. The charge 

and spin distribution maps of NaV2(PO4)2F3, calculated in GGA 

and GGA+U methods, show the presence of only 

F─O4V
4+─F─V4+O4─F bioctahedra (Figure S4b). This obser-

vation is in agreement with the earlier work of Dacek et al.49 

Theoretically, there are several ways to distribute Na+ ions in 

NaV2(PO4)2F3, and their distribution may have an influence on 

the oxidation state of the vanadium ions. In order to examine 

whether the Na+ distribution in NaV2(PO4)2F3 would have an 

influence on the formation of V5+ or not, a supercell was created 

by doubling the size of the unit cell along the c direction: all the 

Na+ ions were segregated in half of the cell, while all the Na+ 

sites on the other half were completely empty (Figure S6). This 

supercell could possibly depict the actual structure in non-equi-

librium conditions, such as during the charge of the battery at 

high rates. The spin distribution map calculated for this opti-

mized supercell structure shows the co-existence of V3+O4F2, 

V4+O4F2 and V5+O4F2 sub-octahedra (Figure 5). V3+O4F2 units 

are found in the area where the Na+ segregation occurs while 

the V5+O4F2 sub-octahedra are encountered in the area where 

there is no Na+ ion. Therefore, the formation of V3+O4F2, 

V4+O4F2 and V5+O4F2 in the NaV2(PO4)2F3 composition also de-

pends on the Na+ distribution in the diffusion channels. The nor-

malized total energy per formula unit of the NaV2(PO4)2F3 

supercell (Figure 5) is -431.78 eV as compared to -433.16 eV 

for the structure where Na+ ions are homogeneously distributed 

(Figure S4b), and thus the Na+ segregation and the formation of 

V5+O4F2 are unlikely to happen in NaV2(PO4)2F3 in thermody-

namic conditions. However, this Na+ segregation can certainly 

occur during electrochemical operation and thus contribute to 

the formation of V5+ in NaV2(PO4)2F3 as evidenced by operando 

SXRD combined with Rietveld refinement and bond valence 

sum analysis56, 51V ss-NMR25 and by the present operando XAS 

study. Based on our DFT calculation results, it seems that the 

Na+ segregation occurs on a very local scale to favor the partial 

formation of V5+, which has been observed experimentally. 

The third principal component observed by PCA is possi-

bly linked to the charge ordering on vanadium ions in 

NaV2(PO4)2F3; nonetheless, the nature of this charge ordering is 

difficult to identify due to the complexity of the electrochemical 

reaction at high-voltage. The presence of V5+ at the end of 

charge is undeniable, but a quantification analysis is not feasible 

because of the weak intensity in the pre-edge region (Figure 4a). 

When performing the EXAFS analysis, we assumed that all bi-

octahedra in NaV2(PO4)2F3 can be ‘averagely’ described as 

F─O4V
4+─F─V4+O4─F. Due to the limited number of parame-

ters that can be refined, the two vanadium sites in 

F─O4V
4+─F─V4+O4─F were assumed to be equivalent and the 



 

EXAFS spectrum was fit using the [4 + 1 + 1] model, which 

allows the possible local distortion to occur on the apical posi-

tions. In this model, a common parameter was used to describe 

the four V─O bond lengths in the equatorial plane, one for the 

sharing V─F bond and one other for the apical V─F bond. The 

refined bond length values and Debye-Waller factor of this 

component are given in Figure 3 and Table S1. The vanadium 

sites in NaV2(PO4)2F3 are greatly distorted as compared to its 

initial state in Na3V2(PO4)2F3. Nonetheless, it has to be pointed 

out that it remains an average information due to the complexity 

and diversity of vanadium local environments in this composi-

tion. 

 

Figure 5. Optimized structure of NaV2(PO4)2F3 supercell. The lo-

cation of V3+O4F2, V4+O4F2 and V5+O4F2 sub-units is indicated by 

red, blue and green octahedra, respectively. 

The Na3V2(PO4)2F2O−NaV2(PO4)2F2O System. In 

Na3V2(PO4)2F2O, there exist the same quantity of F─O4V
3+─F 

and F─V4+O4=O sub-units. By the use of ss-NMR spectroscopy 

and first-principles DFT calculations, we have recently illus-

trated that these sub-units are randomly distributed in the lat-

tices to generate F─O4V
3+─F─V3+O4─F, 

F─O4V
3+─F─V4+O4=O and O=O4V

4+─F─V4+O4=O bioctahe-

dra.50 As explained earlier, the limited number of independent 

parameters that can be included in the EXAFS fit (i.e. 6 in our 

case) implies us to consider an average model by breaking all 

the aforementioned bioctahedra into F─O4V
3+─F and 

F─V4+O4=O sub-units in the 1/1 ratio. First-principles DFT cal-

culations have shown that the F─O4V
3+─F environment is com-

pletely symmetric whereas the F─V4+O4=O one is greatly dis-

torted due to the short vanadyl bond.50 Hence, a [6] + [4 + 1 + 

1] fitting model was used where one common parameter repre-

sented the six equivalent bond lengths in the symmetric 

F─O4V
3+─F environment and three parameters were required 

to describe the four equatorial V4+─O bonds, the bridging V4+─F 

bond, and the short apical V4+=O bond of the F─V4+O4=O en-

vironment. The fitting results are gathered in Figure 6 and Table 

S2. In practice, F─O4V
3+─F and F─V4+O4=O sub-units are ran-

domly distributed in Na3V2(PO4)2F2O, and only one average en-

vironment can be observed by SXRD with an average terminal 

V─F/O bond length value of 1.816(2) Å.16 By EXAFS, it is pos-

sible to separate this average local environment into a symmet-

ric F─O4V
3+─F unit with six equivalent dV─F/O = 2.033(5) Å, and 

a distorted F─V4+O4=O unit with four equatorial dV─O = 

1.999(5) Å, the terminal dVO = 1.629(5) Å and the sharing flu-

orine with dV─F = 1.854(5) Å. 

The same quantity of V3+─F and V4+=O redox centers in 

Na3V2(PO4)2F2O represents an ideal case that can be used to in-

vestigate the reaction mechanism of vanadium redox centers in 

the Na3V2(PO4)2F3-yOy (0 < y < 2) compositions. There exist 

three possible redox mechanisms that can occur in these com-

positions: 

(i) All V4+O redox centers would be oxidized before 

V3+─F. In this scenario, one could expect that after the electro-

chemical extraction of the first Na+ ion, the pre-edge signature 

of the highly distorted V4+=O sites positioning at 5469.5 eV 

would be shifted completely to a characteristic value of V5+=O 

(5471.0 eV). 

(ii) All V3+─F sites would be oxidized before V4+=O. In 

this case, one should expect a linear evolution in the edge en-

ergy, but the position of the pre-edge signal at 5469.5 eV would 

not change at all during the removal of the first Na+. 

(iii) V4+O and V3+─F redox centers would be oxidized 

simultaneously. In this last scenario, two intense pre-edge sig-

nals would be detected after the extraction of the first Na+ ion: 

one would correspond to V4+=O (at ~5469.5 eV) and the other 

to V5+=O (at ~5471.0 eV). 

Upon charging the Na//Na3V2(PO4)2F2O half-cell, the edge 

energy (taken at normalized absorption equals to 1.0) of the V 

K-edge XANES spectra shifts gradually from 5482.24 eV to 

5484.84 eV indicating a progressive oxidation on vanadium 

sites (Figure S7). A new signal at 5471.0 eV is observed in the 

pre-edge region right after the desodiation process occurs 

(Figure 6a) and the relative intensity of this signal increases con-

tinuously during the whole charge (Figure S8 and Figure S9). 

Furthermore, two intense pre-edge signals at 5469.5 eV and 

5471.0 eV are detected in the nominal composition 

Na2V2(PO4)2F2O (Spectrum #40 Figure 6a) and the relative area 

between these two signals is 60/40 (Figure S9). The intense sig-

nal at 5471.0 eV corresponds solely to F─V5+O4=O while the 

signal at 5469.5 eV corresponds to V4+ states, including 

F─V4+O4─F and F─V4+O4=O, in which F─V4+O4─F is gener-

ated from the oxidation of F─V3+O4─F in the initial phase. The 

energy difference between F─V4+O4─F and F─V4+O4=O is so 

subtle that they cannot be separated from each other. The 

F─V4+O4─F sub-unit is quite symmetric (Figure 3) and its pre-

edge signal is expected to be weak, but observable. This is the 

reason why the pre-edge signal at 5469.5 eV does not diminish 

completely even at the end of charge. These observations show 

that the V4+─F/V3+─F and {V5+=O}3+/{V4+=O}2+ redox couples 

are activated simultaneously in Na3V2(PO4)2F2O, and the same 

conclusion can be extended to the whole Na3V2(PO4)2F3-yOy  

(0 < y < 2) solid solution. By calculating the Bader charge, Xu 

and co-workers suggested that the oxidation of the F─V4+O4=O 

group would occur on the oxygen atom of the vanadyl bond ra-

ther than on the vanadium site,57 but these recorded XAS data 

indeed prove that the oxidation of F─V4+O4=O will lead to the 

formation of F─V5+O4=O. 



 

 

Figure 6. (a) Operando Vanadium K edge XANES spectra recorded on a Na//Na3V2(PO4)2F2O half-cell from 2.5 to 4.3 V vs Na+/Na. The 

inset focuses on the pre-edge region. (b) Concentration profile of the three principal components required to describe the operando XAS 

spectra recorded on a Na//Na3V2(PO4)2F2O half-cell upon charging from 2.5 to 4.3 V vs Na+/Na. The corresponding electrochemical profile 

is shown as black solid curve. (c) Reconstructed XANES spectra of the three independent components required to describe the 

Na3V2(PO4)2F2O−NaV2(PO4)2F2O system as compared to the references VPO4, LiVOPO4 and VOPO4. Inset focuses on the pre-edge area of 

the reconstructed spectra. (d) Fit of the k2-weighted Fourier transformed Vanadium K-edge EXAFS spectrum (k-range: 2.7−11.6 Å-1, sine 

window) in the R space (R-range: 1.0−2.1 Å, dR = 0, sine window) for the three components determined for the 

Na3V2(PO4)2F2O−NaV2(PO4)2F2O system. 

The PCA result shows that three independent components 

are required to describe the whole data set (Figure S10). The 

concentration profile of all the principal components is quite 

similar to that observed for the Na3V2(PO4)2F3─NaV2(PO4)2F3 

system (Figure 6b), and the concentration of the second compo-

nent reaches its maximum value after the extraction of the first 

Na+. This observation implies a possible charge ordering on va-

nadium sites in the Na2V2(PO4)2F2O composition. DFT calcula-

tions were thus employed in order to confirm this charge order-

ing. We have recently examined the stability of four different 

ways to distribute the terminal F-/O2- ions in the 

Na3V2(PO4)2F2O composition by GGA method,50 and these four 

input models are now reused as the starting point for the struc-

tural optimization in the GGA+U approach. Concerning the in-

put models for Na2V2(PO4)2F2O and NaV2(PO4)2F2O, we as-

sumed that the Na+ orderings in these phases would be similar 

to those observed for their counterparts, Na2V2(PO4)2F3 and 

NaV2(PO4)2F3, and applied them to the four different ways to 

distribute the terminal F-/O2- ions as described in 50. The total 

energy and the charge distribution on vanadium sites obtained 

after the structural optimization step within the GGA+U method 

for each input model at the Na3V2(PO4)2F2O, Na2V2(PO4)2F2O 

and NaV2(PO4)2F2O compositions are summarized in Figure 7. 

In the case of Na3V2(PO4)2F2O, F─V3+O4─F or F─V4+O4=O 

sub-octahedra are formed depending on whether its terminal ion 

is F- or O2-, respectively. Four different ways to distribute the 

terminal F-/O2- ions result in four structures differed in the 

F─V3+O4─F/F─V4+O4=O distribution (Figure 7); nonetheless, 

these structures possess similar stability as discussed in details 

in Ref 50. When moving to the Na2V2(PO4)2F2O composition, all 

the optimized structures show the co-existence of F─V3+O4─F, 

F─V4+O4─F, F─V4+O4=O and F─V5+O4=O octahedra, and the 

distribution of these sub-units depends on the position of the 

terminal F-/O2- ions in the input model (Figure 7). These results 

support the simultaneous activation of the V4+─F/V3+O4─F and 

{V5+=O}3+/{V4+=O}2+ redox couples as it has been observed by 

operando XAS at V K-edge. As it is obvious from a close ob-

servation of Figure 7, the oxidation of vanadium redox centers 

does not occur randomly but through a charge ordering where 

half of the bioctahedral units in Na2V2(PO4)2F2O are oxidized 

and the oxidation occurs only on vanadium sites in the same 

bioctahedra. The nature of the two sub-units in a bioctahedron 

is not important, they can be identical or different, and a parallel 

oxidation on these two sites can always take place. In the 

NaV2(PO4)2F2O composition, all the calculated structures show 

the coexistence of F─V4+O4─F and F─V5+O4=O depending on 

whether its terminal ion is F- or O2- (Figure 7). The nature of the 

terminal ion thus determines the oxidation state, the electronic 

structure, and the local symmetry of the vanadium ion in its in-

itial and final states. If the terminal ion is F-, the initial state of 

the vanadium site will be F─V3+O4─F and at the end of charge 

its final state will be F─V4+O4─F. If O2- is the terminal ion, the 

corresponding initial and final states will be F─V4+O4=O and 

F─V5+O4=O, respectively. 

 



 

 

Figure 7. The total energy and the charge distribution on vanadium sites obtained after the structural optimization step within the GGA+U 

(U = 3.1 eV) method for each model at the Na3V2(PO4)2F2O, Na2V2(PO4)2F2O and NaV2(PO4)2F2O compositions. The redox couples acti-

vated when moving from one composition to another are indicated by double-headed arrows on the left panel. Na+ ions are represented by 

yellow spheres and PO4 groups are represented by light purple tetrahedra. 

Fourier transformation was performed on the XANES 

spectra of the three principal components and these components 

correspond to the charge ordering on vanadium sites where the 

vanadium oxidation only occurs in pairs. The first component 

is indeed that of the pristine material where F─V3+O4─F and 

F─V4+O4=O environments co-exist in the 1/1 ratio, and the cor-

responding EXAFS data were fit by using the [6] + [4 + 1 + 1] 

model as explained earlier. 

The DFT results reveal that in the second component, four 

different vanadium sub-units can co-exist: F─O4V
3+─F, 

F─O4V
4+─F, F─V4+O4=O and F─V5+O4=O, which leads to a 

necessary use of 24 bond length distances for the EXAFS fit. In 

order to reduce the number of refined parameters, the 

F─O4V
3+─F and F─O4V

4+─F sites are described together by a 

single average environment [6] since they are both quasi-sym-

metric octahedral sites, whereas F─V4+O4=O and F─V5+O4=O 

sites are also described together by a single average environ-

ment [4 + 1 + 1] as they are both distorted octahedra. The global 

fitting model is thus depicted as [6] + [4 + 1 + 1]. The four bond 

lengths determined from the analyses of the EXAFS data are 

thus an average description of the symmetric 

F─O4V
3+─F/F─O4V

4+─F environments and the distorted 

F─V4+O4=O/F─V5+O4=O environments. In the final state, the 

F─O4V
4+─F and F─V5+O4=O sub-octahedra are found in the ra-

tio 1/1 and thus the [6] + [4 + 1 + 1] model is retained. Note that 

all the bioctahedra were broken down into their corresponding 

sub-units in the EXAFS fit in order to simplify the fitting model. 

The quality of the EXAFS fit in the R-space and in the k-space 

of the three identified components describing the 

Na3V2(PO4)2F2O─NaV2(PO4)2F2O system are given in Figure 

6d and Figure S11. The V─O/F bond lengths obtained from the 

EXAFS fit are summarized in Figure 3 and Table S2. A short 

bond length is always detected in the [4 + 1 + 1] environment 

corresponding to the highly covalent vanadyl bond in the 

F─VO4=O sub-unit. Upon charge, all V─F/O bond lengths are 

significantly shortened, which is in agreement with a continu-

ous increase in vanadium’s oxidation state. 

The Na3V2(PO4)2F1.5O1.5−NaV2(PO4)2F1.5O1.5 System. In 

the initial state, the symmetric F─O4V
3+─F and the distorted 

F─V4+O4=O sub-units co-exist in a 1/3 ratio, and thus the 

EXAFS data of this composition was analyzed by using the 

25%  [6] + 75%  [4 + 1 + 1] fitting model. Mathematically, 

one can imagine that one octahedral sub-unit in the bioctahe-

dron is formed purely from F─V4+O4=O while the other is the 

1/1 combination of F─O4V
3+─F and F─V4+O4=O (Figure 3 and 

Table S3). Upon charge, a linear evolution of the operando V 

K-edge XANES spectra was observed in the pre-edge and edge 



 

regions (Figure S12 and Figure S13), and thus indicating a sim-

ultaneous activation of V4+─F/V3+─F and 

{V5+=O}3+/{V4+=O}2+ redox couples. The PCA analysis reveals 

the presence of three principal components (Figure S14), whose 

concentration profiles follow the same trend as those reported 

for the Na3V2(PO4)2F2O─NaV2(PO4)2F2O system (Figure 6b and 

Figure S15a), implying a possible charge ordering on vanadium 

sites in the Na2V2(PO4)2F1.5O1.5 and Na2V2(PO4)2F1.5O1.5 com-

positions. The V─O/F bond lengths of ach principal component 

obtained from the EXAFS fit using the 25%  [6] + 75%  [4 + 

1 + 1] model are given in Figure 3 and Table S3. 

Complexity of Vanadium Redox Couples. Synchrotron 

XAS at V K-edge has long been considered as an advanced 

technique to probe the vanadium oxidation state and its local 

environment. Nevertheless, the Nyquist theorem fixes the num-

ber of independent parameters that could be refined in the 

EXFAS analysis, and thus limiting the accuracy and the sensi-

tivity of such technique when heterogeneously distributed local 

environments are present in the same compound. The vanadium 

ions in Na3V2(PO4)2F3 related materials form bioctahedral units 

and, strictly speaking, twelve V─O/F distances would be re-

quired to describe one bioctahedron. Upon charge, the vana-

dium oxidation occurs through a charge ordering process to-

gether with the formation of several bioctahedra of different na-

tures and a significant increase in the number of parameters that 

have to be refined. This situation is beyond the limit of the tech-

nique, and thus average structures are required, as illustrated in 

the above discussions. Even though an average information is 

obtained, they testify the continuous oxidation of vanadium re-

dox centers in Na3V2(PO4)2F3-yOy compositions upon Na+ ex-

traction. Furthermore, our results have demystified the redox 

mechanism of F─V4+O4=O, which had been earlier assigned to 

the oxidation of the oxygen atom involved in the vanadyl 

bond.57 

Further subtle and complex information is revealed if one 

carefully compares the XANES spectra of Na3V2(PO4)2F3, 

Na3V2(PO4)2F2O and Na3V2(PO4)2F1.5O1.5 compositions at the 

initial state and at different stages of charge. In the initial stage, 

the three materials show evident differences in their edge en-

ergy and the intensity of the signal in the pre-edge region 

(Figure 2). Upon charge, the edge energy of all the phases shifts 

gradually to a higher value as the oxidation takes place on va-

nadium centers and the intensity of the signals in the pre-edge 

region evolves proportionally to the amount of F─V5+O4=O and 

F─V4+O4=O expected at different stages of charge (Figure 8). 

Interestingly, the edge region of NaV2(PO4)2F3, NaV2(PO4)2F2O 

and NaV2(PO4)2F1.5O1.5 can be superimposed perfectly (Figure 

8b) despite the difference in the oxidation state of vanadium 

ions. This observation demonstrates that at the highly charged 

state, certain vanadium species with different oxidation states 

might possess the same absorption energy for the 1s  4p tran-

sition. As a consequence, the conventional identification ap-

proach involving the comparison of the edge energy of a com-

pound, containing vanadium ion at an unknown oxidation state, 

to references, might provoke unexpected errors when dealing 

with materials at highly charged states. For NaxV2(PO4)2F3-yOy 

(1 ≤ x ≤ 3 and 0 ≤ y ≤ 2) compositions, the pre-edge region 

contains the signatures of the phase, which should be used for 

identification purpose. 

 

 
Figure 8. A comparison between the V K-edge XANES spectra of 

(a) Na2V2(PO4)2F3, Na2V2(PO4)2F2O and Na2V2(PO4)2F1.5O1.5, and 

(b) NaV2(PO4)2F3, NaV2(PO4)2F2O and NaV2(PO4)2F1.5O1.5. 

 

 

The redox mechanism upon electrochemical Na+ extrac-

tion from three different materials, Na3V2(PO4)2F3, 

Na3V2(PO4)2F2O, and Na3V2(PO4)2F1.5O1.5, were investigated 

by operando synchrotron XAS at Vanadium K-edge. The ab-

sorption edge energy and the pre-edge signal observed in these 

compositions evolved continuously upon charge, implying a di-

rect participation of vanadium redox centers into the redox re-

actions. Through a systematic comparison, we have illustrated 

that the evolution of the edge energy in these vanadium-con-

taining materials is rather complex, and particularly, at highly 

charged state, in which the vanadium ions possessing different 

oxidation states might exhibit the same absorption energy for 

the 1s  4p transition. The vanadium ions in these compounds 

are found in bioctahedral units and at least twelve parameters 

would be required to describe all the distances, and thus the 

EXAFS analysis can only provide the average information on 

the vanadium local environment. Nonetheless, the ‘average’ va-

nadium local environment of the principal components evolved 

gradually upon charge, which is in agreement with the activa-

tion of vanadium redox couples. By the use of DFT calculations 

combined with chemometric analysis performed on the oper-

ando synchrotron XAS at Vanadium K-edge, we have demon-

strated that the potential jump observed in all  

Na2V2(PO4)2F3-yOy compositions is due to the formation of 

charge ordering on vanadium bioctahedra and the vanadium ox-

idation occurs preferentially on vanadium sites in the same bi-

octahedra. In Na3V2(PO4)2F3-yOy (0 < y < 2) compositions, the 

F─O4V
3+─F and F─V4+O4=O redox centers indeed coexist and 



 

they can be simultaneously activated through the reverse induc-

tive effect resulted from the formation of highly covalent vana-

dyl bonds on V4+ sites. 
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Na2V2(PO4)2F3 using GGA+U approach (Figure S3); Charge 

ordering on vanadium sites in Na2V2(PO4)2F3 and 

NaV2(PO4)2F3 calculated by GGA+U approach (Figure S4); 

Supercell input model for NaV2(PO4)2F3 (Figure S6); Quality 

of the EXAFS fit performed on the reconstructed spectra of 

the principal components observed in the 

Na3V2(PO4)2F3─NaV2(PO4)2F3, Na3V2(PO4)2F2O 

─NaV2(PO4)2F2O, and Na3V2(PO4)2F1.5O1.5 

─NaV2(PO4)2F1.5O1.5 systems (Figure S5, Figure S11, and Fig-

ure S15); Example of a fit in the pre-edge area (Figure S8); 

Evolution in the relative area of the pre-edge observed during 

the cycling of Na3V2(PO4)2F2O and Na3V2(PO4)2F1.5O1.5 (Fig-

ure S9 and Figure S13); Variance plot of the PCA analysis 

performed on the operando dataset recorded for 

Na3V2(PO4)2F2O and Na3V2(PO4)2F1.5O1.5 (Figure S10 and 

Figure S14); V─F/O distances obtained from the EXAFS anal-

ysis performed on the reconstructed spectra of the principal 
components (Table S1, Table S2, and Table S3). 
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