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Na-ion technology is increasingly studied as a low-cost solution for grid storage applications. Many 

positive electrode materials have been reported, mainly among layered oxides and polyanionic 

compounds. The vanadium oxy/flurophosphate solid solution Na3V2(PO4)2F3-yO2y (0 ≤ y ≤ 1), in 

particular, has proven the ability to deliver ∼500 Wh/kg, operating on the V3+/V4+ (y = 0) or V4+/V5+ 

redox couples (y = 1). We report here on a significant increase in specific energy by enabling sodium 

insertion into Na3V2(PO4)2FO2 to reach Na4V2(PO4)2FO2 upon discharge. This occurs at ∼1.6 V and 

increases the theoretical specific energy to 600 Wh/kg, rivaling that of several Li-ion battery 

cathodes. This improvement was achieved by the judicious modification of the composition either as 

O for F substitution, or Al for V substitution, both of which disrupt Na-ion ordering and thereby 

enable insertion of the 4th Na. We furthermore show from operando XRD that this energy is 

obtained in the cycling range Na4V2(PO4)2FO2 - NaV2(PO4)2FO2 with a very small overall volume 

change of 1.7%, which is one of the smallest volume changes for Na-ion cathodes and which is a 

crucial requisite for stable long-term cycling.  
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1. Introduction 

 

The last two decades saw the establishment of Li-ion batteries as a leading technology for energy 

storage in portable and automotive applications.[1] In parallel, other storage technologies developed, 

trying to approach the performance of Li-ion and to surpass it in some aspect. Na-ion in particular is 

increasingly being studied, driven by the higher abundance of sodium and the potential for lower 

cost batteries.[2–4] These advantages can compensate the lower gravimetric energy density and make 

Na-ion a true contender for grid storage applications. Several review papers have been published 

recently, offering a complete overview of the numerous investigated electrode materials, both on 

the cathode and anode side of the battery.[5–10] The positive electrode is the main limiting factor for 

the gravimetric capacity of the battery [11] and no material has yet shown capacities equal to those of 

Li-ion battery cathodes (typically, stable specific energies of ∼750 Wh/kg for LiCoO2,
[12] ∼610 Wh/kg 

for LiMn2O4 
[13] or ∼580 Wh/kg for LiFePO4 

[14]). The three main classes of materials investigated as 

cathodes in Na-ion are: P2 or O3 transition metal oxides NaTMO2,
[15–18] where TM can be one or 

often several transition metals, and polyanionic compounds. The layered oxides have a large 
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diversity of compositions due to the low tendency for TM migration into the slab space upon 

desodiation, [19] and multiple binary,[20] ternary [21, 22] and quaternary [23] mixtures of transition metals 

have been shown to work. The P2 structure, in particular, is promising and was shown to outperform 

O3 in terms of high mobility of sodium ions.[24] However, despite their rather high gravimetric energy 

density, often approaching or exceeding 600 Wh/kg, most layered materials tend to lose capacity 

upon cycling to high voltages.[9]  

Polyanionic materials are structurally diverse compounds in which the arrangement of sodium, 

transition metals and polyanions give rise to numerous structural frameworks.[25] At present, the 

most studied candidate materials have been vanadium-containing phosphates and fluorophosphates 

of compositions Na3V2(PO4)3 
[26–28] or Na3V2(PO4)2F3.[29] This second compound, in particular, offers 

great promises. With an average operating potential of 3.9 V and a capacity of 128 mAh/g, its 

specific energy reaches 500 Wh/kg, an important milestone that approaches the performance of 

commercial Li-ion battery cathodes.  

Na3V2(PO4)2F3 was first studied in 1999 by Le Meins et al.[30] who determined its crystal structure 

which is built on V2O8F3 bi-octahedra bridged by PO4 tetrahedra. This framework creates pseudo-

layers in which sodium ions are inserted (Figure 1). The structure was initially solved in the 

tetragonal space group P42/mnm, but its symmetry has recently been revisited by Bianchini et al.,[31] 

who showed that the strong sodium interactions induce an orthorhombic distortion. Starting in 

2006, Barker et al.[29, 32] showed the promising capacity of this cathode when used versus lithium, 

sodium and carbon anodes. Since then, several studies have shown that Na3V2(PO4)2F3 can be 

synthesized by multiple routes, and when optimized can operate for thousands of cycles with 

negligible capacity fading.[33–41] Na3V2(PO4)2F3 is actually the end member of a complete solid solution 
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Na3V2(PO4)2F3-2yO2y,
[36, 42] where oxygen substitutes for fluorine in the vanadium-centered bi-

octahedra V2O8+2yF3-2y and creates vanadium of a higher average oxidation state (V(3+y)+). 

Uncontrolled substitution due to unintended oxidation of the Na3V2(PO4)2F3 compound has been the 

cause of discrepancies in the literature [43] because an increased oxygen content creates a slightly 

lower operating voltage (about 100 mV for the end member y = 1), a more sloping voltage curve 

caused by weaker sodium ordering (Na being screened by O2− instead of F−) and a smaller unit cell 

(because of the smaller ionic size of O2− and the oxidation of V from 3+ to 4+). Two recent studies 

shed light on the full solid solution, clarifying the role of oxygen in modifying the crystal structure 

and electrochemical performance.[36, 43] It was also shown that the orthorhombic distortion is only 

present for y ≤ 0.2.  

The scientific community concentrated primarily on Na3V2(PO4)2F3 (y = 0), which can be easily 

synthesized by standard solid state techniques. This compound has a slightly higher energy density 

than Na3V2(PO4)2FO2 (500 Wh/kg vs. 495 Wh/kg). Moreover, an early report from Sauvage et al.[44] 

indicated Na3V2(PO4)2FO2  to have poor capacity retention, as later confirmed by the study of Park et 

al.[36] However, the sample analyzed by Sauvage et al. was not phase pure, and Park et al. did not 

propose any explanation for their observed capacity fading in the y = 0 sample. It is worth 

mentioning though that, more recently, Serras et al.,[45] Xu et al.[46] and Zhao et al.[40, 41] prepared 

Na3V2(PO4)2FO2  by three distinct non-solid state routes (hydro and solvothermal) and reported 

excellent capacity retention for over 100 cycles [45, 46] and up to 1000 cycles.[40] These findings show 

that the poor capacity retention previously observed is not intrinsic to the material, but may rather 

be due to side reactions originating from byproducts of the solid-state synthesis. Thus, there is no 

strong reason to a priori favor Na3V2(PO4)2F3 over Na3V2(PO4)2FO2.  
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As previously mentioned, the great promise of the (oxy)fluorophosphate family lies in the fact that 

∼500 Wh/kg can be achieved through the (de)intercalation of 2 sodium ions, from Na3V2(PO4)2F3-

2yO2y to NaV2(PO4)2F3-2yO2y. However a third Na+ is still available at the end of charge where V is in 

oxidation state 4+ (at composition NaV2(PO4)2F3). The opportunity to further increase capacity by 

extracting this last Na has attracted significant efforts as the additional capacity would occur at a 

potential above 4.1 V, boosting the theoretical energy density beyond 800 Wh/kg. As a matter of 

fact, different groups [36, 46–48] calculated that this deintercalation would happen at a potential too 

high to be reached within the stability window of the electrolyte, and as a result the third Na 

extraction has yet to be demonstrated. Zhang et al.[49] suggested that additional deintercalation is 

not the only route to improve the capacity of Na3V2(PO4)2F3. In fact, 3 sodium cations in 

Na3V2(PO4)2F3-2yO2y are distributed over 4 equivalent sites (Figure 1), creating an opportunity for 

inserting a 4th sodium accompanied by reduction of some V3+ to V2+. They prepared Na4V2(PO4)2F3 

through mechanochemical synthesis, and subsequently electrochemically deintercalated it. This 

showed how extra sodium insertion is, in principle, a viable route to improve the energy density of 

Na3V2(PO4)2F3. In practice, however, Na4V2(PO4)2F3 cannot be obtained electrochemically from 

Na3V2(PO4)2F3: operando XRD [49] showed that even discharge at low current to extremely low 

voltages (0.01 V, where electrolytes are not stable) only results in a biphasic composition of 40% 

Na3V2(PO4)2F3 - 60% Na4V2(PO4)2F3. DFT calculations, however, showed that the V3+/V2+ redox couple 

should lie significantly higher for sodium insertion into Na3V2(PO4)2F3.
[48] Dacek et al.[48] rationalize 

the Na insertion problem by showing that the diffusivity of sodium drops by more than an order of 

magnitude at the exact composition Na3V2(PO4)2F3, and a large energy barrier (811 meV) has to be 

overcome before additional sodium can be inserted. Once the insertion starts, however, diffusivity 
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should increase again. They argue that it is not the migration barrier of sodium in the structure 

which is limiting, but rather the strong sodium-vacancy ordering which precludes the formation of 

mobile defects. As a consequence, the introduction of disorder in the vanadium or anion sublattice 

should lower the activation barrier for sodium insertion.  

We confirm here experimentally that the strong ordering and electrostatic repulsion between Na+ 

ions is responsible for the difficulty in achieving the low-voltage insertion plateau in Na3V2(PO4)2F3, 

and that insertion can be enabled by introducing disorder in the cation lattice through aluminum 

substitution. Moreover we show how the oxygen-substituted Na3V2(PO4)2FO2 enables sodium 

insertion at ∼1.6 V, close to the theoretically predicted voltage. We finally investigate this insertion 

in detail through operando X-Ray Diffraction.  
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2. Results and Discussion 

 

2.1. Sodium insertion into Na3V2(PO4)2FO2   

Figure 2 shows the electrochemical charge and discharge curves of Na3V2(PO4)2F3-2yO2y for y = 0 and y 

= 1. Consistently with the report of Zhang et al.,[49] a very small amount of additional capacity is 

obtained for the y = 0 sample when discharged to 1 V. On the other hand, we observe for the first 

time how Na3V2(PO4)2FO2 can uptake a fourth sodium well above 1.3 V. This intercalation is observed 

in Figure 2 as a plateau at 1.57 V, and as a peak in the dQ/dV curve (inset). According to the Gibbs 

phase rule, a flat electrochemical curve like the one observed here suggests a 2-phase reaction 

mechanism. Such step allows for the intercalation of an entire extra sodium, for an additional 

capacity of 65 mAh/g. Considering this, the theoretical energy density of Na3V2(PO4)2FO2 when 

cycled in the range Na4V2(PO4)2FO2 - NaV2(PO4)2FO2 is about 600 Wh/kg, the highest among 

polyanionic compositions for sodium ion batteries. However, one should note the large voltage 

difference between the two plateaus at 3.6 and 4 V, and this new plateau at 1.6 V.  While our work 

proves that this extra capacity is accessible in the fluorophosphate material, the voltage of this 

insertion plateau will need to be increased to make it practically relevant. The origin of the 

possibility to insert the 4th sodium lies in the strong screening effect of O2− anions, which are placed 

on the axis normal to the square connecting the 4 Na+ (Figure 2c) and weakens the electrostatic 
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repulsion between the Na+ ions. In Na3V2(PO4)2F3 the presence of F− in this position creates a less 

effective screening.  

More quantitative considerations can be obtained by DFT calculations (Figure 3). The voltage in the 

well-known sodiation regime 1 ≤ x ≤ 3 is in good agreement with previous theoretical calculations,[36] 

although the values are slightly underestimated compared to the experimental ones. The V3+/V4+ 

redox couple in Na3V2(PO4)2F3 occurs at higher voltage than the V4+/V5+ in Na3V2(PO4)2FO2, due to the 

stronger inductive effect of the more electronegative F− anions compared to O2−.[25, 50] Regarding the 

3 ≤ x ≤ 4 regime, we find that the average potential for sodium insertion into Na3V2(PO4)2FO2 is 2.1 V; 

at the same time the potential calculated to insert a small amount of sodium (e.g. to reach 

Na3.125V2(PO4)2FO2) is 1.9 V, closer to the experimental value. These analogous values for 

Na3V2(PO4)2F3 are 1.85 V and 1.67 V, respectively. The relative equilibrium potentials calculated for 

the Na insertion into Na3V2(PO4)2FO2 and Na3V2(PO4)2F3 confirm that insertion into the former is 

energetically more favorable than in the latter, due to the decreased electrostatic repulsion between 

Na+ cations (a reduction that can be estimated to about 200-300 meV). The fact that the potential 

for inserting a small amount of Na is lower than that for full insertion from Na3V2(PO4)2F3-2yO2y to 

Na4V2(PO4)2F3-2yO2y reflects the fact that the equilibrium thermodynamics implies two-phase 

behavior. However, nucleation of a second phase is often difficult at RT and a metastable 

incremental insertion (solid solution) can be the mechanism by which a single particle crosses the 

phase transformation.[51] This metastable transformation mechanism still leads to particles being in 

either the Na3V2(PO4)2FO2 or Na4V2(PO4)2FO2  state,[52] consistent with the two-phase behavior seen 

in operando  XRD (Figure 4). The calculated equilibrium voltages for the 4th Na insertion are about 

0.5 V higher than experimental values, supporting the fact that sodium insertion is not 



 

  

 

This article is protected by copyright. All rights reserved. 

11 

 

thermodynamically hindered, but mostly precluded by the overpotential required to disrupt the 

stable Na-vacancy ordering at the pristine composition.  

To further detail the sodium insertion into Na3V2(PO4)2FO2, we conducted operando X-Ray diffraction 

during a full electrochemical cycle. Figure 4 shows a contour plot of the evolution of the (115) Bragg 

peak upon sodium extraction (to NaV2(PO4)2FO2), reinsertion (to Na4V2(PO4)2FO2), and final 

extraction to regain the initial Na3V2(PO4)2FO2, proving the reversibility of the intercalation reaction. 

The regime Na3-1V2(PO4)2FO2 has already been studied in detail by a synchrotron operando study of 

Sharma et al.[53] Our experiment confirms the reactions and unit cell parameters observed in that 

work. They describe a sequence of biphasic reactions upon charge and discharge, with intermediate 

Na-ordered phases typical of this class of compounds. In our experiment, despite the more limited 

resolution of an in-house diffractometer, we can distinguish at least two biphasic reactions upon 

both charge and discharge, separated by the intermediate composition Na2V2(PO4)2FO2 (biphasic 

reactions are characterized by peaks losing intensity and new peaks concurrently gaining intensity at 

a different 2θ position, as opposed to the continuous peak shift one would observe for a solid 

solution reaction mechanism). We can then use profile-matching refinement (LeBail fit) to determine 

the cell parameters of significant compositions: for the desodiated end-member NaV2(PO4)2FO2, we 

find in the P42/mnm space group, a = b = 8.904(3) Å, c = 10.805(3) Å, V = 856.7(4) Å3, in good 

agreement with the values reported by Sharma et al.[53] This gives a relative volume contraction upon 

charge of ∆V/V = -0.7% with respect to the pristine compound (Table 1). We note that the cell 

parameters variation is anisotropic: a and b shrink upon sodium extraction, while c increases, 

resulting in a small overall volume variation. Upon Na insertion, we observe for the first time the 

end-member Na4V2(PO4)2FO2, which appears through a biphasic reaction, consistent with the flat 
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electrochemical curve. The unit cell parameters we retrieve from the operando data are: a = b = 

9.092(3) Å, c = 10.549(3) Å, V = 872.0(4) Å3. This shows a very low unit cell expansion of only ∆V/V = 

+1% upon insertion of the 4th sodium. Notably, this means an overall volume variation during the 

exchange of 3 sodium ions of |∆V |/V = 1.7%, possibly the smallest ever reported for a sodium-ion 

battery electrode. One should note that this value is significantly smaller than the one potentially 

obtainable for Na3V2(PO4)2F3, which upon charge contracts by -3%, and during discharge to 

Na4V2(PO4)2F3 expands further by +3.2%, for a total variation |∆V |/V = 6.2%. These findings support 

once more the great potential of Na1-4V2(PO4)2FO2 as Na-ion positive electrode.  

 

2.2. Sodium extraction and insertion from/into Na3V2-zAlz(PO4)2F3  

 

The fact that sodium insertion was obtained for the y = 1 composition raises the question whether 

the y = 0 compound can also be modified to allow sodium intercalation. It was recently shown that 

the shape of the electrochemical curve of Na3V2(PO4)2F3 is due to the fact that sodium, being weakly 

screened by F−, can order in complex patterns while it is extracted.[39] Every time an ordering of Na 

occurs, some overpotential is required to disrupt it. Dacek et al.[48] calculate activation energies for 

sodium diffusion as high as 811 meV for Na3V2(PO4)2F3, 556 meV for Na2V2(PO4)2F3 and 353 meV for 

NaV2(PO4)2F3, while for intermediate compositions between these end-members activation energies 

are in the range 100-300 meV.[48] In the following, we use aluminum substitution of vanadium into 

Na3V2(PO4)2F3 to disrupt sodium ordering and examine the electrochemical properties of the Na3V2-

zAlz(PO4)2F3 compounds, upon both sodium insertion and extraction.  
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For small amounts of aluminum (z ≤ 0.3), pure compositions could be obtained. The Al substitution 

was confirmed by the steady decrease in unit cell parameters for increasing z (Table 1 and Figure S3 

(Supp. Info)). Consistent with the smaller ionic radius of Al3+ as compared to V3+ (0.54 Å vs. 0.64 Å), 

the unit cell decreased from 877 Å3 (z = 0) to 867 Å3 (z = 0.3). The strategy of aluminum substitution 

has also, in principle, the beneficial effect of increasing the gravimetric capacity of the material, 

provided that the substitution does not diminish the available redox-active ions. This idea was 

implemented for example by Lalère et al.[28] for Na3V2(PO4)3, in which the accessibility of the V4+/V5+ 

redox couple provides an excess of oxidation capacity. It is not clear, a priori, if this would be viable 

in Na3V2(PO4)2F3. Matts et al.[47] concluded that the V4+/V5+ redox couple can be active in 

Na3V2(PO4)2F3, so in principle substitution of V by Al should not decrease the capacity in the high-

voltage region, while allowing for additional sodium insertion. However the sample considered in 

that study had considerable NASICON impurities and the electrochemical curve reported for their 

gallium-doped sample only showed ∼65 mAh/g of capacity above 2 V, which is the capacity that 

would be obtained if the V4+/V5+ redox couple was not active. Hence, accessibility of V4+/V5+ in the 

fluorophosphate remains an open question. 

Figure 5 shows Na3V2-zAlz(PO4)2F3 when cycled between 1 and 4.4 V. The electrochemical curves are 

smoother than the one of pure Na3V2(PO4)2F3 (Figure 1), similar to what is obtained by substituting O 

for F in Na3V2(PO4)2F3-2yO2y. Al substitution clearly enables insertion of more Na at low voltage 

(Figure 5b). The insertion occurs at 1.3 V, lower than in Na3V2(PO4)2FO2 and below what is 

considered a safe voltage against electrolyte reduction (above 1.4 - 1.5 V). The sodium insertion is 

confirmed by in situ X-Ray diffraction (Figure S4 (Supp. Info)). The electrochemical curve in the 

regime Na3-4V2-zAlz(PO4)2F3 is significantly less flat than in Na3-4V2-zAlz(PO4)2FO2; since the in situ XRD 
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data support in both cases a biphasic reaction mechanism, such a sloping discharge curve likely 

indicates a poorer kinetics of Na+ ions for the former compounds.  

In order to demonstrate that Al substitution improves the kinetics near x = 3, were Na ordering has 

been shown to lead to high sodium mobility barriers, we conducted a slow GITT measurement 

(Galvanostatic Intermittent Titration Technique). Figure 6 compares the potential relaxation and 

overpotential between 3 ≤ x ≤ 3.2 for the z = 0 and z = 0.3 samples. One notes that the overpotential 

required for discharge is significantly reduced in Na3V1.7Al0.3(PO4)2F3 compared to Na3V2(PO4)2F3.  This 

is exactly the composition at which the Na ordering occurs. 

As the aluminum amount increases in Na3V2-zAlz(PO4)2F3, the gravimetric capacity is reduced (Figure 

5a). Moreover, the capacity is lost on the highest voltage plateau (at 4.1 V), while the lower one (at 

3.6 V) retains a constant capacity, confirming that the Al substitution reduces the amount of V3+/V4+ 

redox couple available, and no extra V4+/V5+ can be accessed to compensate. In this scenario, the 

composition reached at the end of charge would be Na1+zV2-zAlz(PO4)2F3, in rather good agreement 

with our electrochemical measurements (inset in Figure 5a). This finding finally supports the 

speculation that the V4+/V5+ redox couple is not active in Na3V2(PO4)2F3 (at least not below 4.7 V). The 

fact that the V4+/V5+ couple can be accessed in Na3V2(PO4)2FO2 but not in Na3V2(PO4)2F3 can be 

rationalized as follows: Na3V2(PO4)2F3 is built by bi-octahedra with F - V - F - V - F bonds of rather 

regular length (1.97-1.98 Å), in agreement with many reported V3+ octahedral environments.[54, 55] 

Na3V2(PO4)2FO2, on the other hand, has irregular bond lengths,[36, 56, 57] consistent with the fact that 

V4+ often forms a single shorter vanadyl bond (in a bi-octahedra of Na3V2(PO4)2FO2 , there is an axial 

bond sequence O - V - F - V - O with bond lengths 1.6 - 2.1 - 2.1 - 1.6 Å). This trend showing less 

regular bond lengths as vanadium is oxidized agrees well with the comprehensive review by 
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Schindler et al.[55] on the crystal chemistry of vanadium; the review also shows that further oxidation 

from V4+ to V5+ often causes the difference between long and short bond to be even more 

pronounced (from average 1.60 - 2.26 in V4+ to 1.58 - 2.32 on V5+). Other intercalation systems have 

the same bond-length trend upon oxidation, whether they contain V - O - V - O chains, as in 

LiVPO4O,[58] or V - F - V - F chains, as in LiVPO4F.[59] One can then understand how the structure of 

Na3V2(PO4)2FO2, built on asymmetric O - V - F - V - O bonds, can more easily accommodate V4+ and 

V5+ cations. However, Na3V2(PO4)2F3 has symmetric F - V - F - V - F bonds, thus favoring a regular V3+ 

environment. Upon oxidation, it needs to distort these bonds into an energetically unfavorable 

arrangement. The very recent observation by Bianchini et al.[39] using operando  synchrotron XRD 

that, at composition NaVIV
2(PO4)2F3, V

4+ can even undergo disproportionation seems consistent with 

the lack of stability of V4+ in a very symmetric environment (this was very recently confirmed by 

XANES and NMR by Broux et al.[60]). The end-member would then be more accurately written as 

NaVIIIVV(PO4)2F3, where within the bi-octahedron, one octahedron is distorted and one is not. These 

considerations show how extraction of Na beyond NaV2(PO4)2F3 (and average oxidation beyond V4+) 

is very unlikely, explaining why DFT predicts it to happen only at voltages well above 4.5 V. 

Considering that the most oxidized state for vanadium is 5+, sodium extraction is also not possible 

beyond NaV2(PO4)2FO2, leaving sodium insertion as the most accessible way to improve the 

performance of this family of fluorophosphates.  

 

 

3. Conclusion 
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In conclusion, we have shown for the first time how sodium insertion into Na3V2(PO4)2FO2 at 1.57 V 

can extend its gravimetric energy density to 600 Wh/kg reaching the end member Na4V2(PO4)2FO2. 

We demonstrated that this extended cycling range, albeit extending over a large voltage range, 

comes with extremely small volume change, a promising aspect for good capacity retention. Thus 

Na3V2(PO4)2FO2 should not a priori be neglected in favor of Na3V2(PO4)2F3 as a positive electrode 

material of choice for Na-ion batteries. Especially when observing that recent literature[40, 45, 46] has 

shown Na3V2(PO4)2FO2  to be immune to capacity fading, contradicting the previous belief. We have 

also experimentally demonstrated that Al substitution into Na3V2(PO4)2F3 decreases the energy 

barrier hindering sodium insertion towards Na4V2(PO4)2F3. However this insertion comes at too low a 

potential (1.3 V) to be practically viable. We suggest that doping with other redox-active cations may 

produce the synergistic effect of disrupting Na orderings in the structure, while at the same time 

providing extra redox capacity for sodium insertion at higher voltage.  

 

 

 

4. Experimental Section  

Na3V2(PO4)2F3 (Figure S1) was synthesized by standard solid state reaction between stoichiometric 

amounts of VPO4 and NaF, as previously reported.[29] For the aluminum-doped samples, 

stoichiometric amounts of VPO4 were replaced by AlPO4 (Sigma). Na3V2(PO4)2FO2 was also 

synthesized by solid state route (Figure S2), according to Park et al.[36] by reacting stoichiometric 

amounts of VPO4, VOPO4, NaF and Na2CO3. VPO4 and VOPO4 required for the reactions discussed 
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above were prepared as described by Broux et al.:[43] VPO4 is made by reduction of a stoichiometric 

mixture of V2O5 and NH4H2PO4 under hydrogen(2%)/argon atmosphere at 800 C. VOPO4 is 

subsequently made by oxidation of VPO4 fired in air at 700 C. X-Ray diffraction was conducted on a 

Rigaku diffractometer, in Bragg-Brentano geometry using Cu Kα radiation. In situ/operando 

experiments were conducted in our custom made electrochemical cell, in Bragg-Brentano geometry 

but using Mo Kα radiation in a Bruker diffractometer. Every scan was collected for 2 hours, while the 

battery was cycled at C/40 rate (calculated so that 40 hours were required for the first charge). 

Electrodes for electrochemical characterization were prepared by mixing the active materials with 

carbon black and ball milling them for 30 minutes in a Fritsh Pulverisette, followed by addition of 

PTFE as binder, such that the overall electrode composition was 80% AM - 16% Carbon - 4% PTFE. 

Standard 2032 coin cells were assembled in an argon-filled glovebox, using 1M NaPF6 in EC:DEC as 

electrolyte and sodium metal as counter electrode. Positive electrode loadings were typically 10 

mg/cm2. Electrochemical tests were conducted on an Arbin instrument. GITT electrochemical tests 

were conducted in the same configuration as above, with discharge at C/50 rate (calculated as 

above) and discharge/relax times alternated every 75 minutes. Calculations were performed using 

density functional theory, as implemented in the Vienna Ab initio Simulation Package (VASP),[61–63] by 

using the projector-augmented wave method (PAW).[63, 64] A kinetic energy cutoff of 520 eV was 

chosen for the plane-wave basis set, and Γ-centered k-point mesh was used with a reciprocal space 

discretization of 0.25 Å-1. The GGA-PBE exchange correlation functional [65] with the rotationally 

invariant scheme of Hubbard-U correction [66] was applied to calculate the voltages, and a value of 

Ueff = 4 eV was employed, consistent with previous theoretical studies of vanadium 
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fluorophosphates.[36, 46] Na orderings within the NaxV2(PO4)2F3-2yO2y framework were found with the 

basin-hopping algorithm as described in.[46]  
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Figure 1. a) Electrochemical curve showing charge and discharge between 2.2 and 4.5 V for 

Na3V2(PO4)2F3-2yO2y (y = 0 and y = 1), at C/10 rate. b) Crystal structure of Na3V2(PO4)2F3-2yO2y (in 

orthorhombic space group Amam, applicable for y ≤ 0.2. For y > 0.2, the structure belongs to the 

tetragonal P42/mnm space group, where the only significant difference lies in the sodium 

distribution). c) Top view (a-b plane) of the cystal structure for y = 0, showing the sodium ordering 

observed in the orthorhombic structure. d) Top view (a-b plane) of the cystal structure for y = 1, 

showing the sodium ordering observed in the tetragonal structure.  
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Figure 2. a) The electrochemical charge and discharge curve of Na3V2(PO4)2F3 cycled between 1 and 

4.4 V at C/20. Note that there is little capacity below 2 V. b) Electrochemical charge and discharge 

curve of Na3V2(PO4)2FO2 (same rate and voltage cut-off). Additional capacity below 2 V is observed as 

sodium is inserted to reach composition Na4V2(PO4)2FO2, through a plateau at 1.57 V. c) Structure 

fragment showing the 4 equivalent sodium sites in Na3V2(PO4)2F3-2yO2y and the position of the F/O 

anions screening the repulsive Coulombic interaction among them.  
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Figure 3. The computed voltage curves of NaxV2(PO4)2F3-2yO2y in the range 1 ≤ x ≤ 4, for y = 0 (red) 

and y = 1 (blue). The dotted curves refer to the average equilibrium potential calculated between 

compositions Na3-4V2(PO4)2F3-2yO2y, while the full lines are calculated in the region Na3-3.125V2(PO4)2F3-

2yO2y.  
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Figure 4. Contour plot showing the evolution of the (115) Bragg peak during operando XRD. 

Na3V2(PO4)2FO2 was first charged at C/40 to 4.5 V, then discharged to 1 V, and finally charged back to 

the initial state at 3.6 V. Diffraction scans were continuously collected for a scan duration of 2 hours. 

The dashed vertical line indicates the position of the Bragg peak at pristine composition 

Na3V2(PO4)2FO2.  
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Figure 5. a) Electrochemical charge and discharge curves of Na3V2-zAlz(PO4)2F3 (z = 0.1, 0.2, 0.3) cycled 

at C/10 rate between 2.2 and 4.5 V, showing that the obtained capacity decreases with increasing z. 

The inset shows the amount of sodium extracted upon charge. b) Additional sodium insertion when 

Na3V2-zAlz(PO4)2F3 is discharged to 1 V. c) Na3V1.7Al0.3(PO4)2F3 cycled between 1 and 4.4 V, as a 

function of sodium content.  
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Figure 6. GITT electrochemical discharge curves of Na3V2-zAlz(PO4)2F3 (z = 0 (black dashed) and z = 0.3 

(red)). The same GITT conditions are employed, as reported in the Experimental Section. Inset: 

overpotential between discharge and relax intervals, showing lower values for the Al-substituted 

sample, with a more pronounced difference in 3 ≤ x ≤ 3.2.  
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Table 1. Unit cell parameters of the synthesized Na3V2-zAlz(PO4)2F3 (z = 0, 0.1, 0.2, 0.3) and 

NaxV2(PO4)2FO2 (x = 3, 1, 4). Parameters are obtained from LeBail fit of X-Ray diffraction data, using 

the Amam space group for all Na3V2-zAlz(PO4)2F3, and P42/mnm for Na3V2(PO4)2FO2. Data obtained 

from operando experiment marked with *  
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Material  a [Å] b [Å] c [Å] Vol 

[Å
3
] 

Na3V2(PO4)2F3  9.025(1) 9.043(1) 10.746(1) 877.0(1) 

Na3V1.9Al0.1(PO4)2F3 9.016(1) 9.032(1) 10.732(1) 874.0(1) 

Na3V1.8Al0.2(PO4)2F3 9.002(3) 9.026(3) 10.716(3) 870.9(3) 

Na3V1.7Al0.3(PO4)2F3 8.990(1) 9.010(1) 10.704(1) 867.1(2) 

Na3V2(PO4)2FO2  9.012(1) 9.012(1) 10.627(2) 863.1(2) 

NaV2(PO4)2FO2  * 8.904(3) 8.904(3) 10.805(3) 856.7(4) 

Na4V2(PO4)2FO2  * 9.092(3) 9.092(3) 10.549(3) 872.0(4) 
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We report on the additional intercalation of sodium into polyanionic frameworks of the family 

Na3V2(PO4)2F3-2yO2y. The most oxygen-rich compound, in particular, obtains extra capacity at a 

relatively high voltage and operando XRD demonstrates a low volume change upon cycling. We 

finally use aluminum substitution into this framework to experimentally demonstrate how to 

improve sodium kinetics in this highly sodiated regime. 
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Figure S1. X-ray Diffraction pattern of Na3V2(PO4)2F3.  
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Figure S2. X-ray Diffraction pattern of Na3V2(PO4)2FO2. Strong preferential orientation was present in 

the (00l) peaks due to the Bragg-Brentano geometry.  
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Figure S3. Top: Diffraction patterns (Cu Kα) of Na3V2-zAlz(PO4)2F3 (z = 0.1, 0.2, 0.3). * indicates small 

NASICON impurities present in Na3V1.8Al0.2(PO4)2F3; bottom: unit cell parameters and volume 

evolution as a function of z as obtained by LeBail fit of the diffraction data.  
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Figure S4. Contour plot showing the evolution of the (220), (113) and (222) Bragg peaks during 

operando XRD. Na3V1.9Al0.1(PO4)2F3 was first charged at C/20 to 4.5 V, then discharged to 0.8 V, and 

then a second equal cycle was repeated. Diffraction scans were continuously collected for a scan 

duration of 1 hour. The dashed vertical line indicates the position of the Bragg peak at pristine 

composition Na3V1.9Al0.1(PO4)2F3.  

 

 

 


