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Abstract: Sodium superionic conductors (NASICON)-type materials are widely explored as Li- 
and Na-ion cathodes and solid-state electrolytes but are largely ignored as anodes due to their 
lower capacities and higher intercalation voltages, which reduce the overall energy densities of Li- 
and Na-ion batteries (LIBs and SIBs). Herein, we unveil a high capacity multi-redox empty 
NASICON-Nb2(PO4)3 as a potential anode material for LIBs and SIBs, which reversibly delivers 
167 and 150 mAh g-1 at the average voltages of 1.86 V vs. Li+/Li0 and 1.46 V vs. Na+/Na0, 
respectively. The Li and Na intercalation reactions proceed via multiple phase transitions, leading 
to short-range ordered Li3Nb2(PO4)3 and triclinic ( ) Na3Nb2(PO4)3, as revealed by in-situ X-ray 𝑃1
diffraction studies. Our density functional theory calculations are also in agreement with the in-
situ measurements in predicting a stable Na3Nb2(PO4)3 composition in the Na-Nb2(PO4)3 pseudo-
binary system. X-ray absorption spectroscopy confirms the participation of multi-redox 
Nb5+/Nb4+/Nb3+ couples. The Nb2(PO4)3 anode delivers capacities greater than 124 and 106 mAh 
g-1 at 1 C rate in Li and Na cells, respectively. Pairing Nb2(PO4)3 with suitable cathodes and 
electrolytes can lead to high energy density batteries. 

Introduction 

The demand for low-cost and sustainable battery technologies is continuously increasing 

to achieve carbon neutrality.1,2 At present, Li-ion batteries are used extensively in portable 

electronics, electric vehicles, and its Na-ion analogue has emerged as the front-runner for grid 

storage applications.3–5 Nevertheless, there exist many technical challenges for improving the 

performance of such batteries, in terms of higher energy and power densities, enhanced safety, and 

long-term cyclability.6,7 Since these performance metrics are deeply connected with the materials 

used, the need for advanced Li- and Na-ion electrodes and electrolytes is continuously growing.8

While graphite and hard carbon are widely used in commercial Li-ion and prototypical Na-

ion cells, respectively, they pose a serious risk of lithium and sodium metal plating at higher current 

densities, besides their lower volumetric energy densities.9 Alternatively, intercalation-type 

transition metal oxides insert lithium and sodium ions at relatively higher voltages (> 1.0 V), which 

may avoid electrolyte decomposition, and Li and Na metal electrodeposition.10 In the case of LIBs, 
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Li4Ti5O12 anode reversibly exchanges Li ions at 1.5 V vs. Li+/Li0 with a capacity of ~175 mAh g-

1.11 Recently, Wadsley–Roth crystallographic shear phases such as TiNb2O7 ,12,13 VNb9O25, 14 and 

Ti2Nb10O29 15 have gained much interest as Li-ion anodes due to their higher capacities (200-380 

mAh g-1) and excellent rate performances (TiNb2O7 delivers capacities of 236, 219, 195 and 128 

mAh g-1 at 5, 10, 20 and 50 C rates, respectively). Similarly, few transition metal oxides such as 

Na2Ti3O7,16 TiO2,17 Li4Ti5O12
18 have been investigated as potential Na-ion hosts with moderate 

capacities (100-170 mAh g-1) and limited cycle life.      

Apart from oxides, transition metal-based polyanionic compounds such as sodium 

superionic conductor (NASICON) frameworks have been explored as possible Li- and Na-ion 

anodes. NASICON frameworks are appealing as electrodes19–23 and solid-electrolytes24,25 for Li- 

and Na-ion battery applications owing to their higher chemical, structural and thermal stabilities, 

and higher Na-ion conductivity. Their general chemical composition can be given as AaM2(XO4)3 

(A=Li and Na; M = Sc to Fe, Zr to Mo, In and Sn; X = Si, P, S; 0 ≤ a ≤ 4) and structures are built 

by lantern units consisting of two MO6 octahedra and three XO4 tetrahedra, stacked along the c-

axis.26,27 Due to their size differences, Li and Na ions occupy different crystallographic sites in the 

NASICON framework (Li ions into 18f site of the  & Na ions into 6b/18e sites of the ).28,29 𝑅3 𝑅3𝑐

In principle, NASICON compounds can reversibly exchange a maximum of four moles of Li and 

Na ions, if provided with suitable redox centers.  

Experimentally, ATi2(PO4)3 (A=Li and Na) NASICONs reversibly (de)intercalate two 

moles of Li- and Na-ions at 2.6 and 2.1 V vs. Li+/Li0 and Na+/Na0, respectively, through the redox 

activity of Ti4+/Ti3+ couple.30–32 Upon reducing the lower cut-off voltage beyond Na3Ti2(PO4)3, an 

additional mole of sodium can be intercalated at 0.45 V with concomitant reduction of Ti3+/Ti2+, 

accounting for a total capacity of 150 mAh g-1.33 Another NASICON-Na3V2(PO4)3 reversibly 

exchanges Na ions at a lower voltage (~1.6 V vs. Na) but shows the limited capacity of 60 mAh 

g-1 (i.e., equivalent of intercalation of one mole of sodium ions).34,35 Also, a mixed NASICON 

compound, TiNb(PO4)3, has been preliminarily explored for Na intercalation (~120 mAh g-1).36 

Thus, NASICON cathodes and anodes explored so far operate within the limit of three moles of 

lithium- and/or sodium-ion exchange during cycling, thus rendering maximum storage capacities 

of 140-160 mAh g-1.37–39 Moreover, in terms of synthesis, NASICONs usually contain Na (or Li) 
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ions as synthesized (e.g., Na3V2(PO4)3 is a NASICON composition that can be synthesized)40 and 

electrochemical/chemical oxidation routes have to be employed to remove the Na (or Li)41.  

In this work, we report for the first time the synthesis of polycrystalline “empty” 

NASICON-Nb2(PO4)3 and its potential application as an anode in LIBs and SIBs. Previously 

Leclaire et al. reported its crystal structure using a single crystal of Nb2(PO4)3
42. This compound 

contains no Li or Na ions in its pristine state and is expected to exchange higher amount (~3 moles 

per formula unit) of lithium and sodium ions through the activity of multi-redox-Nb5+/Nb4+/Nb3+ 

centers at relatively lower voltages than the Ti- or V-based NASICON anodes. In addition to our 

electrochemical and characterization measurements, we have also performed first-principles 

calculations to understand the Na-intercalation phase behavior better. We believe that pairing this 

“empty” NASICON anode with suitable Na-ion cathodes and/or solid electrolytes (which can also 

be NASICON-based) can enable building high energy density Na-ion batteries. 

Experimental 

Synthesis:

Empty NASICON-Nb2(PO4)3 were prepared by high-temperature solid-state synthesis. 

Nb2O5 (0.9 mmol) (Sigma Aldrich, 99.5%), P2O5 (1.5 mmol) (Alfa Aesar, 99.0%), Nb-powder (0.2 

mmol) (Alfa Aesar, 99.8%) were mixed using a high-energy ball miller (SPEX 8000M) for 20 

min. The resulting mixture was then placed in an evacuated quartz ampoule and sealed under high 

vacuum of 10-6 mbar. The tube was slowly heated up to 1473 K in 35 hours followed by dwelling 

at this temperature for 72 hours and then cooled back to room temperature in 7 hours. Finally, the 

tube was opened in an Ar-filled glove box and the final powder product was collected.  

Characterization:

Synchrotron powder diffraction patterns were collected on Nb2(PO4)3 and Na3Nb2(PO4)3 

sealed in a Kapton capillary (0.5 mm diameter) at the 11-BM beamline (λ = 0.458969 Å) of 

Advanced Photon Source, Argonne National Laboratory, and the data were analyzed by FullProf 

program43. The FESEM images were taken using Zeiss (Gemini SEM 500) to observe the 

morphology and homogeneous distribution of the elements. 
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Electrochemical testing of Nb2(PO4)3 was carried out in two-electrode Swagelok cells 

using either lithium or sodium (99.9% Aldrich) metal as the counter electrode in galvanostatic 

mode. The Nb2(PO4)3 electrodes were prepared by ball milling as-synthesized samples with Super 

C45 (Timcal) in a 70:30 ratio for 8 min. The ball-milled mixture was collected and mixed with 

polyvinylidene fluoride (PVDF) (in such a way that the final electrode contains active material: 

carbon: PVDF in the weight ratio of 65:27:8) in N-methyl-2-pyrrolidone (NMP) solvent. The 

resulting slurry was uniformly coated on a Cu foil, followed by drying in a vacuum oven at 90 ℃ 

for 6 hours. The dried electrodes were punched into round discs of 10 mm dia. The active material 

loading of the final electrode was estimated as 2.5- 3.0 mg/cm2. Sodium cells were assembled 

using a 1 M solution of NaPF6 (Sigma, 98%) in diglyme Sigma, 99.5%) as an electrolyte with 

sodium metal as a counter electrode. Similarly, lithium cells were fabricated using a 1 M 

electrolyte solution of LiPF6 in EC: DMC and lithium metal as a counter electrode. The cells were 

assembled in an Ar-filled glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm) and tested in a battery cycler 

(BT-lab, Biologic) using the galvanostatic protocol. For galvanostatic intermitted titration 

technique (GITT) experiments, first, the cells were cycled at C/10 for three cycles then a current 

equivalent to a C/10 rate was applied for 1 h followed by a 4 h relaxation. 

For in-situ XRD measurements, the Nb2(PO4)3 anode was coated on pinhole-free thin 

aluminum foil (Alfa, 99.99%, 10 mm thickness) and a home-made in-situ cell fitted with Be-

window was used for the experiment. XRD patterns at different state-of-charge were collected at 

the same Bruker D8-diffractometer and Le-Bail fitting was performed using the Fullprof program. 

X-ray absorption spectroscopy (XAS) measurements of pristine and cycled electrodes at 

different state-of-charge were carried out at PETRA-III beamline P65 at DESY in Hamburg. The 

measurements of the Nb-K edge at room temperature were performed in fluorescence mode as 

well as transmission mode using gas ionization chambers to monitor the intensities of the incident 

and transmitted X-ray using a PIPS diode. The energy of the Nb-K edge was calibrated by defining 

the inflection point (first derivative maxima) of Nb foil as 18987.5 eV. Nb2O5 and NbO2 were used 

as the standard materials.  The standard materials were thoroughly mixed with boron nitride and 

pressed into 12 mm pellets of 1 mm thickness and the ex-situ electrodes were sealed in between 

Kapton tapes inside the Ar-filled glove box and used directly for the data collection.  All data were 
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collected at room temperature with a Si (111) double crystal monochromator and all XAS spectra 

were processed using the DEMETER software package.44,45

Computations:

Density functional theory (DFT) calculations were performed using the Vienna ab initio 

simulation package (VASP),46,47 which employs a plane wave basis (energy cut-off of 520 eV) and 

projector augmented wave48 potentials. To describe the electronic exchange and correlation, we 

used the strongly constrained and appropriately normed49 functional. We used a -centred k-point Γ

mesh to sample the Brillouin zone with a density of at least 32 k-points per Å. We relaxed the 

lattice vectors, cell shape, and cell volume of all structures, without preserving the underlying 

symmetry, with structures considered converged when the total energies and atomic forces drop 

below 0.01 meV and |0.03| eV/Å. We obtained the initial structure of Nb2(PO4)3 from the inorganic 

crystal structure database50 and we took the equivalent Na positions from the Na4V2(PO4)3 cathode 

NASICON structure. The Na-vacancy orderings at NaNb2(PO4)3, Na2Nb2(PO4)3, and 

Na3Nb2(PO4)3 compositions were enumerated using the pymatgen51 package within the primitive 

cell (containing two Nb2(PO4)3 formula units) and a  supercell of the primitive 2 × 1 × 1

NASICON structure. The procedure to calculate average voltages, which neglect  and entropic 𝑝𝑉

contributions, is detailed in our previous works.52,53

Results and discussions 

Polycrystalline NASICON-Nb2(PO4)3 was prepared through the classical solid-state 

synthesis route using Nb2O5, Nb, and P2O5 precursors (for details, see Experimental section). 

Figure 1a shows the Rietveld refinement of the synchrotron X-ray diffraction (XRD) pattern 

collected on NASICON-Nb2(PO4)3 at room temperature. The XRD pattern can be completely 

indexed with  space group, thus confirming the phase purity of the sample. Scanning electron 𝑅3𝑐

microscopy (SEM) image of NASICON-Nb2(PO4)3
 (inset of Figure 1a) shows the presence of 

irregular micron-sized (~10 μm) primary particles and elemental mapping shows the homogenous 

distribution of Nb, P, and O in the sample (Figure S1). The calculated lattice parameters (a = 

8.6629(1)  and c = 22.0627(6) Å) and atomic coordinates of NASICON-Nb2(PO4)3
 structure are 
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displayed in Table S1 in the supplementary information.42 Its crystal structure is built by lantern 

units, consisting of two (Nb5+/Nb4+)O6 and three PO4 units, stacked along the c-direction (Figure 

1b) and both Na(1) and Na(2) (i.e., 6b and 18e, respectively) sites are empty. To probe the 

oxidation state of Nb in the NASICON-Nb2(PO4)3, X-ray absorption spectroscopy measurements 

were performed along with Nb2O5 and NbO2 references. Their corresponding normalized X-ray 

near-edge spectra (XANES) collected at Nb K-edge are shown in Figure 1c. The absorption edge 

position of Nb2(PO4)3 is found to be between those of Nb2O5 and NbO2, thus confirming the 

presence of both Nb5+ and Nb4+ in the NASICON lattice. 
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Figure 1. (a) Rietveld refinement of room temperature synchrotron XRD pattern (Inset: SEM 
image), (b) crystal structure, and (c) XANES collected at Nb K-edge of NASICON-Nb2(PO4)3.

The NASICON-Nb2(PO4)3 anode is expected to reversibly exchange three moles of Li- and 

Na-ions through redox activities Nb5+/Nb4+ and Nb4+/Nb3+ centers, leading to the theoretical 
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capacity of ~171 mAh g-1. First, we studied the electrochemical Li-ion (de)intercalation property 

of NASICON-Nb2(PO4)3 anode in Li half cells. The voltage-capacity plot of Nb2(PO4)3/Li cell 

cycled at C/10 rate in the voltage window of 3.0-1.2 V vs. Li+/Li0 is displayed in Figure 2a. During 

the first discharge, this cell exhibits two voltage plateaus at ~2.3 and 1.6 V vs. Li+/Li0 followed by 

a slopping curve until 1.2 V vs. Li+/Li0 with a total discharge capacity of 257 mAh g-1. On the 

subsequent charge, the two-step voltage profile is reversed with a charge capacity of 167 mAh g-

1, which is equivalent to the deintercalation of ~2.9 moles of Li-ions from the Nb2(PO4)3 

framework. Nearly 1.5 moles of lithium-ions are lost during the first cycle, which could be due to 

electrolyte decomposition. The voltage-capacity profiles from the subsequent cycles overlap with 

each other with capacities of ~167 mAh g-1.  The corresponding dQ/dV curves (Figure 2b) show 

two oxidation/reduction peaks located at 2.31/2.29 and 1.65/1.55 V vs. Li+/Li0, which could be 

tentatively assigned to the operation of Nb5+/Nb4+ and Nb4+/Nb3+ redox couples, respectively. 

To better understand the structural evolution of NASICON-Nb2(PO4)3 anode upon Li 

(de)intercalation, we performed an in-situ XRD measurement at C/15 rate during the first cycle 

(Figure 2c and d) and the evolution of corresponding lattice parameters is displayed in Figure 2e. 

Initially, a small solid-solution region is noticed for a ∆x = 0.2 moles of Li-ion intercalation into 

NASICON-Nb2(PO4)3 anode with subtle changes in the lattice parameters (ΦA: Li0-0.2Nb2(PO4)3). 

As the discharge proceeds through the voltage plateau at ~2.25 V vs. Li+/Li0, we find a new set of 

reflections along with the parent NASICON-Nb2(PO4)3, indicating a two-phase intercalation 

mechanism (ΦB: Li1.3-3.0Nb2(PO4)3). However, the peak positions of both NASICON phases 

slightly drift as Li-ion intercalation proceeds, similar to LiVOPO4 and Na3V2(PO4)2F3 

cathodes.54,55 The XRD pattern collected at the end of 1.5 V shows anisotropic lattice parameter 

changes, i.e., ∆a/a = +1.21 % and ∆c/c = -3.06 %, with a nominal overall unit cell volume reduction 

of ∆v/v = -0.69 %. Further, as the voltage descends to 1.2 V vs. Li+/Li0, we notice a smoother 

variation of peak positions, signifying solid-solution behavior. It is worth mentioning that the XRD 

patterns collected closer to 1.2 V present weaker reflections, implying the formation of short-range 

ordered “Li3Nb2(PO4)3” at the end of discharge. Note that the extra capacity (i.e., 4 moles of Li+ 

insertion) observed during the first discharge can be accounted for electrolyte decomposition as 

mentioned earlier. The overall volume change between the fully lithiated and pristine NASICON 

phases is estimated as ∆v/v = +0.03 %. Interestingly, upon subsequent charging the above-

mentioned phenomena are reversed sequentially and the XRD pattern collected at the end of 1st 
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cycle nearly superimposes on that of the pristine electrode, indicating excellent reversibility of Li-

ion (de)intercalation reaction. Further, the in-situ XRD patterns collected during the second cycle 

quite resemble the first cycle patterns, thus confirming the same Li-ion (de)intercalation pathway 

in the successive cycles (Figure S2). It is worth mentioning that the limited quality of XRD patterns 

impedes us to solve the crystal structures of Li-rich NASICON phases obtained during discharge, 

especially given the large configurational space for Li to arrange itself in the NASICON lattice. 

Thus, advanced local and bulk structural studies along with DFT calculations are required to 

elucidate the Li-ion (de)intercalation mechanism of the Nb2(PO4)3 anode. 
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Figure 2. (a) Voltage vs. capacity and (b) dQ/dV profiles of Nb2(PO4)3/Li cell. (c and d) In-situ 
XRD patterns of Nb2(PO4)3 anode and (e) its cell parameter evolution during the first cycle of Li-
ion (de)intercalation (vertical solid and dotted lines indicate the phase boundaries during Li-ion 
(de)intercalation). 
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Figure 3. (a) Voltage vs. capacity and (b) dQ/dV profiles of Nb2(PO4)3/Na cell. (c and d) In-situ 
XRD patterns of Nb2(PO4)3 anode and (e) its cell parameter evolution during the first cycle of Na-
ion (de)intercalation (vertical solid and dotted lines indicate the phase boundaries during Na-ion 
(de)intercalation). 

The voltage-capacity profiles of Nb2(PO4)3/Na cell cycled at C/10 rate in the window of 

3.0-1.05 V vs. Na+/Na0 are displayed in Figure 3a. In contrast to its Li counterpart, the 

Nb2(PO4)3/Na cell exhibits a shorter voltage step at ~2.35 V vs. Na+/Na0 (for ∆x = 0.2 Na+), which 

is followed by a slopping voltage curve until 1.2 V vs. Na+/Na0 (for ∆x = 2 Na+) and a voltage 

plateau at ~1.14 V vs. Na+/Na0 with a total discharge capacity of 226 mAh g-1. During the 
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subsequent charge, these voltage features are partially reversible with a de-sodiation capacity of 

150 mAh g-1 (i.e., equivalent to 2.6 moles of Na-ions deintercalation from Nb2(PO4)3 framework). 

A capacity of 76 mAh g-1 is lost during the first cycle, which could be due to electrolyte 

decomposition and/or partial entrapment of Na+ ions in the NASICON-Nb2(PO4)3 framework.56,57 

The voltage-capacity profiles of the second and third cycles neatly superimpose on each other with 

reversible capacities and Coulombic efficiencies of ~150 mAh g-1 and 95 %, respectively. The 

corresponding dQ/dV profiles of the Nb2(PO4)3/Na cell (Figure 3b) enlist two oxidation/reduction 

peaks located at 2.4/2.3 and 1.22/1.12 V vs. Na+/Na0 which could be attributed to the operation of 

Nb5+/Nb4+ and Nb4+/Nb3+ redox couples, respectively.

To follow the structural changes of the Nb2(PO4)3 anode upon Na-ion (de)intercalation, we 

carried out an in-situ XRD measurement at the C/15 rate during the first cycle (Figure 3c and d). 

The calculated lattice parameters of the XRD patterns are plotted against x in Figure 3e. At the 

beginning of the first discharge (pattern #1-3), the formation of Na0.2Nb2(PO4)3
 (denoted as ΦA 

phase) from the parent Nb2(PO4)3
 proceeds via a solid-solution mechanism, which can be self-

evident from moving of XRD peaks toward lower 2θ values. During this process, the changes in 

lattice parameters are less pronounced (∆a/a = +0.03% and (∆c/c = -0.05%). The decrease of the 

c-parameter can be attributed to the filling of Na-ions into the Na (1) site, which diminishes the 

electrostatic repulsion between NbO6 octahedra. As the discharge proceeds to the next ∆x = 1.4 

(pattern #4-22), a new set of reflections belonging to another NASICON phase (ΦB: Na1.6-

2.3Nb2(PO4)3) grows at the expense of the former ΦA phase (refer Figure 3e), which is followed by 

another narrow solid-solution region for ∆x = 0.66 (Pattern #23-30). The c-parameters of both 

NASICON (ΦA and ΦB) phases initially decrease (due to the filling of Na (1) site) and stabilize 

whereas their a-parameters do not change significantly. Beyond this point, the sodiation reaction 

associated with the low-voltage plateau (1.15 V vs. Na+/Na0) continues via a two-phase 

mechanism, resulting in the formation of third NASICON phase “Na3Nb2(PO4)3” (denoted as ΦC). 

During this process, the cell parameters and unit cell volume of ΦC increase (∆a/a = +3.64 %, %, 

∆c/c = +0.32 %, and ∆v/v = +7.77 %) with the respect to the pristine NASICON phase. The 

increase of cell parameters can be correlated to the filling of sodium ions and the increase of NbO6 

octahedra size (due to the reduction of Nb5+/ Nb4+ to Nb4+/Nb3+). 
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Further, we collected the synchrotron powder XRD pattern of the fully discharged 

Na3Nb2(PO4)3 (cycled at C/50 rate) to elucidate its crystal structure (Figures 4a and b). The XRD 

pattern can be completely indexed with  space group with the cell parameters: a = 8.7153(2) (𝑃1)

Å, b = 9.0908(1) Å, c = 22.6495(1)Å, α = 89.112(9)°, β = 90.052(9)° and γ = 119.912(3)°, similar 

to NASICON-Na3Ti2(PO4)3
58,59. In this structure, sodium ions fully and partially occupy Na (1a-

d) and Na(2a-f) sites which correspond to the Na (1) and Na(2) sites of  the  structure, 𝑅3𝑐

respectively. On the subsequent charge, the above-mentioned intercalation phenomena are mostly 

reversed, except the final XRD pattern (pattern #73) does not exactly match that of the pristine 

electrode. Indeed, its corresponding unit cell parameters and volume indicate the entrapment of 

Na-ions (~0.6 moles) in Nb2(PO4)3, in agreement with our electrochemical results. Further, the in-

situ XRD patterns collected during the second cycle display similar Na (de)intercalation 

phenomena as observed in the first cycle, confirming the reversibility of the (de)sodiation process 

(Figure S3). 

To further understand the Na (de)intercalation phase behavior, we performed DFT calculations 

(see Methods section), with the calculated 0 K formation energy and voltage values plotted as a 

function of Na concentration (x) in Nb2(PO4)3 in Figure 4c and d, respectively. The convex hull in 

Figure 4c indicates that the stable ground states of the NaxNb2(PO4)3 include the fully empty 

(Nb2(PO4)3), fully sodiated (Na4Nb2(PO4)3), and partially sodiated (Na3Nb2(PO4)3) configurations. 

Importantly, the ground state at x = 3, is similar to the ground state configurations observed in 

other NASICON cathode chemistries.52,53 The Na3Nb2(PO4)3 ground state has Na fully occupying 

the Na(1) site and partially occupying the Na(2) sites, which is in line with our experimental 

observation as well (Figure 4b). In contrast to other cathode chemistries, however, we don’t 

observe a ground state configuration at x = 1,52 which explains the minor solubility (x  0.2) of ≤

Na in the empty Nb2(PO4)3 structure. In terms of average voltages (Figure 4d), we predict a voltage 

plateau of ~1.06 V between x = 0 and 3, and ~0.93 V between x = 3 and 4, partly in agreement 

with our observed voltage plateau of ~1.15 V vs. Na that represents a two-phase intercalation 

mechanism as well. Experimentally, we observe capacity degradation to occur whenever we 

attempt to cycle the NaxNb2(PO4)3 system below 1 V vs. Na. This capacity degradation can be due 

to electrolyte degradation and/or Na-entrapment. Note that computationally, we have calculated a 

two-phase voltage plateau to form at voltages below 1 V vs. Na, which will result in the formation 

of the Na4Nb2(PO4)3 phase. Previous computational studies on NASICON systems60 showed that 
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the Na conductivity (or diffusivity) drops significantly as Na content in NASICONs approach  𝑥Na

= 4. Moreover, the redox behavior may not be fully reversible from Nb2+ till Nb4+, as reported with 

other transition metals as well within the NASICON framework53. Hence, we expect partial 

entrapment of Na to occur at voltage ranges below 1 V vs. Na, due to the formation of the 

Na4Nb2(PO4)3 phase.

  To monitor the changes in the Nb oxidation state and local structure, we performed X-ray 

absorption spectroscopy measurements. Figure 4e displays the normalized XANES spectra of 

pristine, discharged, and charged electrodes collected at Nb K-edge. As the discharge proceeds the 

XANES of Nb K-edge shifts towards lower energy values, indicating the reduction of Nb5+/Nb4+ 

to Nb4+/Nb3+, and subsequently moves back to higher energy values at the end of the first charge. 

The corresponding Fourier-transformed extended X-ray absorption fine structure (EXAFS) plots 

are displayed in Figure 4f. The peak located at 1.5 Å corresponds to the Nb-O shell, whereas the 

next three peaks located in between ~2.0-3.25 Å represent the second and third shells of Nb-P and 

Nb-Na pairs. The EXAFS collected at the end of discharge shift towards higher Å values, 

indicating the expansion of the NASICON structure. Note that although the EXAFS collected on 

the subsequent discharge shifts towards lower Å values, it doesn’t coincide with that of the pristine 

electrode due to the entrapment of Na-ions in the NASICON framework. These observations are 

in agreement with our electrochemical and in-situ XRD results. Further, the fitting of EXAFS 

oscillations shows the increase of average Nb-O bond length from 2.028 to 2.086 Å during 

discharge due to the reduction of niobium.  
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Figure 4. (a) Le Bail refinement of synchrotron XRD and (b) crystal structure of Na3Nb2(PO4)3. 

(c) 0 K formation energy and (d) voltage plots (vs. Na) as a function of Na concentration (x) in 

NaxNb2(PO4)3 formula unit. The formation energy in (c) is referenced to the Nb2(PO4)3 (fully 

empty) and Na4Nb2(PO4)3 (fully sodiated) compositions. The orange line in (c) indicates the 

convex hull, i.e., the collection of lowest energy Na-vacancy configurations in NaxNb2(PO4)3, 

while the black diamonds indicate metastable configurations. The dashed black line in (d) overall 
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average voltage across the entire Na concentration in Nb2(PO4)3 (e) XANES and (f) EXAFS plots 

of NASICON-Nb2(PO4)3 anode collected at Nb K-edge.

Our combined electrochemical and in-situ experiments highlight the distinct intercalation 

behavior of the same NASICON-Nb2(PO4)3 anode against Li and Na. For instance, the 

Nb2(PO4)3/Li and Nb2(PO4)3/Na cells exhibit flat and slopping voltage curves for the initial one 

mole of Li and Na ion intercalation, respectively, even though both mostly follow a two-phase 

mechanism. Moreover, the volume of the Nb2(PO4)3 unit cell shrinks along with the loss of long-

range crystal order during the low voltage lithiation (~at 1.55 V vs. Li+/Li0) whereas the same 

anode exhibits volume expansion upon the low voltage sodiation (at ~1.1 V vs. Na+/Na0). Hence, 

to better comprehend the Li and Na intercalation mechanism of NASICON-Nb2(PO4)3 anode, we 

performed galvanostatic intermittent titration technique (GITT) experiments during the fourth 

cycle (see Experimental for details, Figure 5a and b). 

Notably, both Li and Na GITT voltage vs. composition (x in LixNb2(PO4)3 or 

NaxNb2(PO4)3) profiles present significant polarization between charge and discharge processes 

(even after 4 h relaxation). More importantly, the voltage jumps during the open circuit voltage 

(OCV) steps are prominent during charging compared to discharging process, which is also 

reflected by the steep increase of internal resistance values and can be ascribed to slower solid-

state Li and Na ion diffusion.61,62 Such a difference could arise from various thermodynamic and 

kinetic factors involving structural and electrochemical properties of the NASICON host. As 

mentioned earlier, Li and Na ions prefer to occupy different crystallographic sites, which have 

distinct (electro)chemical potentials for (de)intercalation.63 Moreover, it is well known that ionic 

conduction in the NASICON framework occurs via correlated ion migration through M(1)/M(2) 

pathways,24,64 thus the relative filling of these sites can tune ionic conductivities and intercalation 

kinetics. Besides, the different chemical characters of Li and Na ions (i.e., relative polarizability) 

can impart a different degree of interactions with the host lattice (such as distortion of polyhedral 

units),65 which can lead to stabilization of various intermediates including lower symmetry 

structures (C2/c and  as in the cases of Na3V2(PO4)3 and Na3Nb2(PO4)3, respectively)59,63,66 𝑃1

during cycling, leading to distinct electrochemical Li and Na intercalation pathways. Nevertheless, 

comprehensive studies involving short-range and long-range structural probes and DFT 
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calculations are required to fully elucidate the structure-property relationship of the Nb2(PO4)3 

anode.  

Lastly, we have evaluated the rate performances and cycling stabilities of Nb2(PO4)3/Li 

and Nb2(PO4)3/Na cells at different C-rates. The Nb2(PO4)3/Li cell delivers discharge capacities of 

186, 174, 164, 155, and 142 mAh g-1 at C/10, C/5, C/2, 1C, and 2C rates, respectively, whereas 

the Nb2(PO4)3/Na cell shows capacities of 172, 163, 153, 144 and 129 mAh g-1 under similar 

experimental conditions (Figure 5c). Upon cycling at the C/10 rate, the Nb2(PO4)3/Li and 

Nb2(PO4)3/Na cells exhibit stable discharge capacities greater than 184 and 156 mAh g-1, 

respectively, for 20 cycles (Figure 5d). Further, we assessed their cycling stability at 1 C rate 

(Figure 5e). The Nb2(PO4)3/Li and Nb2(PO4)3/Na cells exhibit first/second cycle discharge 

capacities of 227/161 and 179/142 mAh g-1, respectively. The large discrepancies in discharge 

capacities between the first and second cycles can be attributed to the electrolyte decomposition 

and the entrapment of Li and Na ions in the NASICON framework. In the subsequent cycles, the 

discharge capacities of Nb2(PO4)3/Li cell slowly decrease and stabilize around 122 mAh g-1 (after 

100 cycles) and the cell still delivers a discharge capacity of 100 mAh g-1 after 200 cycles. The 

Nb2(PO4)3/Na cell retains 60.2% of its second discharge capacity after 200 cycles. The lower 

capacities obtained at high C-rate could be due to micron-size active particles in the as-prepared 

anode (Figure S4). It is also worth mentioning here that upon lowering the discharge voltage to 

0.9 V, the capacity decay is faster in Nb2(PO4)3/Na cells due to significant electrolyte degradation 

(Figure S5). Further studies to improve the cycling performance of Nb2(PO4)3 anode as well as to 

build full Li- and Na-ion cells are in progress. It is important to note that the integration of 

NASICON-Nb2(PO4)3 anode and NASICON-Na3V2(PO4)3 cathode with a suitable electrolyte is 

expected to produce a higher energy density Na-ion battery compared to the Ti- and V-based 

anodes (Figure S6).67 
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Figure 5. GITT curve and calculated internal resistance for (a) Nb2(PO4)3/Li and (b) Nb2(PO4)3/Na 

cells. Rate capability (c), capacity retention at C/10 (d) and 1 C (e) plots of Nb2(PO4)3/Li and 

Nb2(PO4)3/Na cells.

Page 18 of 26Journal of Materials Chemistry A



Conclusion 

In conclusion, we have successfully synthesized polycrystalline Nb2(PO4)3 and 

demonstrated its potential application as an anode material for Li- and Na-ion batteries. The 

NASICON-Nb2(PO4)3 reversibly exchanged Li and Na ions at average voltages of 1.86 V and 1.46 

V vs. Li+/Li0 and Na+/Na0 with intercalation capacities of ~167 and 150 mAh g-1, respectively. Our 

in-situ XRD measurements revealed multiple-phase transformations during Li and Na intercalation 

with the formation of short-range ordered Li3Nb2(PO4)3 and triclinic -Na3Nb2(PO4)3 at the (𝑃1)

end of discharge. Our DFT calculations predicted the Na3Nb2(PO4)3 composition to be stable in 

the Na-Nb2(PO4)3 pseudo-binary system, in agreement with the in-situ XRD measurements. The 

distinct electrochemical Li and Na intercalation behavior of the Nb2(PO4)3 anode can be ascribed 

to the relative differences in size, filling of crystallographic sites and chemical characters of Li and 

Na ions. Although the micron-sized anode showed moderate storage capacities (~106 and 84 mAh 

g-1 for Li and Na cells, respectively) at higher C-rate (1 C) after 200 cycles, further optimization 

of electrode and electrolytes is expected to produce better performance, which can aid in building 

high energy density Na-ion battery. 
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