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Abstract

Sodium-ion batteries are considered one of the most promising alternatives to lithium-ion
batteries owing to the low cost and wide abundance of sodium. Phosphate compounds are
promising materials for sodium-ion batteries because of their high structural stability, energy
densities and capacities. Vanadium phosphates have shown high energy densities, but their
sodium-ion diffusion and cation doping properties are not fully rationalized. In this work, we
combine density functional theory calculations and molecular dynamics simulations to study
the electronic structure, ion diffusion and cation doping properties of the NasVO(POs)2
compound. The calculated Na-ion activation energy of this compound is 0.49 eV, which is
typical for Na-based cathode materials, and the simulations predict a Na-ion diffusion
coefficient of 5.1 x 10" cm? s7!. The cell voltage trends show a voltage of 3.3 V vs. Na/Na*.
Partial substitution of vanadium atoms by other metals (AI**, Co**, Fe**, Mn**, Ni** or Ti*")
increases the cell voltage up to 1.1 V vs. Na/Na*. These new insights will help us to understand
the ion transport and electrochemical behaviour of potential phosphate cathode materials for

sodium-ion batteries.
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1. Introduction

The development of large-scale energy storage systems (ESSs) has become one of the most
important research areas in recent years.'> Among several ESSs, lithium-ion batteries (LIBs)
have been considered one of the most promising systems based on their high energy densities.*>
However, issues remain with LIBs as grid-scale ESSs, e.g. their increasing cost owing to
limited global lithium resources to satisfy the high demand.® As such, sodium-ion systems are
a less expensive and more abundant alternative for lithium-based ESSs and rechargeable
batteries based on sodium have been studied in some depth in the quest to obtain cheaper and
more sustainable ESSs.”"!! Sodium-ion batteries (NIBs) are of particular interest for grid-scale
ESSs for intermittent renewable energy.!'> 1

Considerable effort has been expended to obtain new sodium materials for NIBs that show high
reversible capacity, rapid ion insertion-extraction and cycling stability.'®!” Different
compounds, such as metal oxides, polyanionic compounds and Prussian blue analogues, have
demonstrated large sodium storage abilities for NIB applications. In particular, vanadium
phosphate compounds such as NaVOPOs, NaVPO4F, Na3V2(POs)3 and Na3zV2(POa4)oF3, show

good electrochemical performance!82!

and are promising cathode materials owing to their
versatile structure, high stability, long-term cycling and low volumetric expansion during
sodium insertion/extraction.

Recently, Kim and co-workers have explored the high-power cathode material NasVO(POs4)>
for NIB applications,?> which has shown high redox potential and has an open framework for
fast Na-ion diffusion. Deriouche et al. also examined the electrochemical properties of the
NasVO(POs4) compound, demonstrating its high ionic conductivity and stability up to 700°
C.2  Previous works have demonstrated that cathode materials for NIBs with the V+/V>*
redox couple and the inductive effect of phosphorous ions, such as Na3V2(POs); and
Na3V2(PO4)oF, exhibit high operation voltages.?*-*1:2425

In this study, we have investigated for the first time the electronic structure, ion diffusion and
cation doping properties of the NasVO(PO4)2 compound by employing an effective
combination of ab initio calculations and classical molecular dynamics simulation. We were
able to reproduce the experimental structural parameters, before predicting the Na-ion diffusion
mechanisms and voltage trends as a result of metal doping, where the doped structures show

an increase in the cell voltage of up to 1.1 V vs. Na/Na*. From the molecular dynamic

simulations, we have computed an activation energy of 0.49 eV for sodium diffusion. As such,
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this material has a high Na-ion diffusion coefficient and low activation energy for Na-ion

migration, making it a promising cathode material for NIBs.

2. Methods

DFT calculations were performed using the Vienna Ab Initio Simulation Package (VASP).?¢

2 We used Projector-Augmented Wave (PAW) pseudopotentials®®*! and the Perdew-Burke-
Ernzerhof exchange correlation functional revised for solids (PBEsol),*? setting the kinetic
energy cut-off at 520 eV. A k-point grid of 5 X 5 x 5 was used to converge the forces and
energies of the bulk material. The DFT+U methodology was applied to account for the d
orbitals of the metal atoms, with effective Hubbard values of Ues = U - J =4.0, 3.3, 4.3, 3.9,
6.0 and 4.2 eV (J = 1 eV) for V, Co, Fe, Mn, Ni and Ti, respectively.?!*>** These values are
consistent with previous studies of vanadium compounds as cathode materials.?'** A smaller
value of Uesr has been used for vanadium previously, leading to underestimated redox potentials
compared to experimental values. It was reported that a larger value of Uesr (4.0 eV) gives more
reliable agreement with experimental observations. In addition, Van der Waals contributions
via the DFT-D3 method of Grimme®® were included, as these have been shown to influence
cell voltage calculations in some polyanionic systems.>®

Previous computational studies on different metal oxide cathode materials have shown that
such methods are suitable to compute accurate cell voltage trends.?” Furthermore, they have
also been shown to successfully determine transport and defect properties in Li-ion batteries.*®
0The cell voltage vs. Na/Na* of the V#/V>* redox couples were calculated using the following
equations:

V = E[Na,VO(PO,),] — E[NazVO(PO,),] — u[Na] (1)

where E[NasVO(POs)2] and E[NazVO(POs):] are the total energies of the NasVO(POs), and
Naz;VO(POs)> compounds, respectively. All the compounds were geometry optimized to relax
their structures and obtain the most stable configuration. The chemical potential of sodium,
p[Na], was calculated using metallic sodium, which is the standard practice for cell voltage
calculations. The MD simulations were performed using the LAMMPS code*'** and the
calculations were carried out on a large supercell made up of 7 x 7 x 7 unit cells, comprising
15974 atoms. The initial configuration of the supercell contained 10% Na vacancies, plus
corresponding V°* species, which were randomly distributed. Pre-equilibrium runs of 4 ps
using a time step of 2 fs within an NPT ensemble (constant number of particles, constant
pressure and constant temperature) were first used to obtain stable configurations. Simulation

runs were carried out using the NVT ensemble (constant number of particles, constant pressure
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and constant temperature) and a time step of 1 fs for long runs of 10 ns, at temperatures in the
range of 300—-1400 K. The interatomic potentials used in the MD calculations are listed in Table
SI1.

The mean squared displacement (MSD) of the Na cations, [r(t)]?, for the NasVO(PO4),

compound was computed to derive the diffusion coefficient (Dna) using the equation:

1
Do = (Z)(r®1» @
where t is time and <[r(t)]*> is the MSD. A plot of the MSD vs. time at 300 and 600 K
for the NasVO(PO4)2 compound can be found in the Supporting Information as Figure
SI1.

3. Results and discussion

3.1 Structural analysis
The crystal structure, polymorphism and properties of NasVO(POs)> were first studied by Panin

et al.*3

The high temperature phase, o, crystallizes in the Ibam space group, whereas the low
temperature phase, 3, crystallizes in the Pbca space group. It was shown that a reversible a—f
phase transition occurs at low temperature (~473 K). More recently, Lee and co-workers have
explored the application of the NasVO(POu4)> compound as a cathode material for NIBs,??
where it showed high power capability owing to the high Na content, the numerous possible
Na diffusion paths, and the open framework structure.

The NasVO(PO4), compound has a similar structure to the high temperature modification of
the NasTiO(POs4)2 compound. The crystal structure of the NasVO(POs)2 compound is depicted
in Figure 1a and consists of infinite VOg chains sharing common apical corners. The vanadium
octahedra are linked by two POy tetrahedra resulting in a zigzag chain (Figure 1b). The
vanadium atoms are shifted from the equatorial plane of the octahedra towards one of the apical
oxygen atoms, forming short and long V-O bonds (1.75 and 2.04 A, respectively), whereas all
equatorial V-O distances are similar (1.94-1.99 A). This geometry shows the formation of the
characteristic vanadyl bond; these bonds have the same orientation along the b-axis of the
neighbouring chains, whereas they are oriented in an opposite way along the a-axis. The
phosphate groups are slightly distorted, showing P-O distances in the range of 1.52-1.56 A
The sodium atoms are located in the interstices between the chains and exist in four different
coordination arrangements (Figure 1c). The Na(1) atoms are coordinated to six oxygen atoms
forming a distorted octahedron with Na-O distances ranging from 2.30 to 2.46 A. The Na(2)

atoms can be considered in a bicapped tetrahedron instead of an octahedron, showing Na-O
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distances in the range 2.24-2.82 A. The Na(3) atoms are located in a distorted tetrahedron and
coordinate four oxygen atoms with Na-O distances ranging from 2.27 to 2.41 A. Na(3) has
three extra neighbouring oxygen atoms, although at a separation of more than 3A. The Na(4)
atoms are sited in the centre of a seven-atom polyhedron, which can be considered as a distorted
trigonal antiprism and shows Na-O distances in the range 2.32-2.82 A. A comparison of the
experimental and computed cell parameters and averaged bond lengths can be found in

Table 1 (the list with all the bond lengths is given in the Table SI2). The computed values are

in good agreement with the experimental cell parameters and bond lengths.
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Figure 1. Polyhedral representation of (a) the Na;VO(POs)> compound, (b) the vanadium chains
connected with the phosphate groups, where sodium atoms have been omitted for clarity, and

(c¢) the four different Na environments.



140  Table 1. Comparison of computed and experimental cell parameters and averaged bond lengths

141  of NasVO(PO4): compound (in A).

Na;VO(POs4)»

Comp. Exp.*
a 15.976 15.949
b 14.458 14.462
c 6.921 6.999
V-0 1.944 1.928
P-O 1.548 1.545
Na(1)-O 2.390 2411
Na(2)-O 2.443 2.444
Na(3)-O 2.346 2.373
Na(4)-O 2.548 2.572
Symmetry Orthorhombic
Space group Pbca

142  *Ref. 2.

143 Polyhedral representations of the doped materials NasVixMyO(POs)> (M = AI**, Co**, Fe’",
144  Mn**, Ni** or Ti**, and x = 0.25 or 0.50) are shown in Figure 2. In these structures, the dopant
145  atoms (M) have replaced either 25% or 50% of the V atoms. The crystal structures of the doped
146  compounds consist of infinite MOg chains sharing apical corners, where the MOg octahedra are
147  linked by two POy tetrahedra resulting in a zigzag chain, as was also shown in Figure 1b. The
148 M atoms form short and long M-O bonds in the apical axis, like the V atoms in both the pristine
149  and doped materials. In the case of the Co-doped compound, the Co-O short and long bonds
150  are 1.74 and 2.02 A, respectively; which are very similar to the V-O distances (1.75 and 2.04
151 A, respectively). However, the short M-O distances in Al-, Fe-, Mn-, Ni- and Ti-doped

152  compounds are longer, ranging from 1.85 to 1.90 A, although the long M-O distances retain
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values between 2.01 and 2.07 A. The P-O and Na-O distances in all doped materials are

comparable to those in the pristine material.

0O 0O 0o
V M P O

Na

Figure 2. Polyhedral representation of the doped materials NasVxMxO(POs),, where M = Al**, Co*,
Fe’*, Mn**, Ni** or Ti**, and x = (a) 0.25 or (b) 0.50.

3.2 Cell voltage trend on cation doping

We have used the results from the DFT+U calculations to compute the cell voltages of the pure
and doped NasVO(POs), compounds. To carry out the calculations, Na ions were removed
from the optimised structure and different vacancy positions were considered. The voltage was
then calculated, using Equation 1, for the lowest energy configuration. The computed voltage
of the NasVO(POs), compound is 3.3 V vs. Na/Na*, which is in good agreement with the
experimental value of ~3.5 V vs. Na/Na™.

We have also investigated how doping on the vanadium site affects the cell voltage of the
NasVO(PO4)> compound. The voltage trend of NasVxMO(PO4), (M = AI**, Co?*, Fe**, Mn**,
Ni** or Ti*') vs. Na/Na* with varying x values (0, 0.25 or 0.50) is depicted in Figure 3. These
particular substitutional cations have already been used as doping agents in different vanadium
phosphate compounds, e.g. NaVOPO4, Li3V2(PO4)3 and Na3V2(PO4)3.* %2 The doped materials
showed higher capacity than the pristine compounds and the addition of the cation dopants
enhanced the electrochemical performance, the Li-ion and Na-ion diffusion, and the structural
stabilisation.

The computed cell voltage values of some of the doped structures were above the voltage
stability window for liquid Na-ion electrolytes (~3.5 V vs. Na/Na*).>* When x = 0.25, the Mn-

and Ti-doped structures are the only compounds whose voltage is within the voltage stability
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window, whereas at x = 0.50, all the doped structures show computed voltages which are higher
than the electrochemical window for liquid electrolytes. We also observed that in the doped
materials, where the cation has an oxidation state different than 4+, some of the vanadium
atoms are oxidised to V>* to compensate the charge. To summarise, the Mn*" and Ti** cations
appear to be the most suitable dopants to increase the voltage of the NasVO(POs)> compound

within the operating voltage window of liquid electrolytes.
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Figure 3. Cell voltage trend (vs. Na/Na*) of the Na;Vi.xMyO(PO4), compound as function of dopant

concentration (M = AI’*, Co**, Fe**, Mn*", Ni** or Ti*') on the vanadium site.

3.3 Electronic analysis

The density of states (DOS) of the NasVO(PO4)> compound is depicted in Figure 4. The
reported Curie-Weiss temperature is below 2 K, indicating a very weak magnetic interaction
between the vanadium spins, which behave almost like free spins.** This electronic
configuration cannot be computed, so we compared the energy of the ferromagnetic and
antiferromagnetic configurations. We found that the ferromagnetic solution, where all
vanadium spins are parallel, is the more stable configuration of the two. The valence band of
the DOS is described mainly by V 3d and O 2p electrons, whereas the conduction band is
mainly made up of V 3d electrons and the P atoms make only a relatively small contribution to
both valence and conduction bands. Below the Fermi level, from -0.3 to 0.0 eV, the total DOS
shows a contribution from the V 3d and the O 2p states, which corresponds to the short V=0
double bonds. The band gap of the studied compound is 1.8 eV, which is in good agreement

with previous GGA+U results of different vanadium phosphate compounds.>*
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Figure 4. Density of States (DOS) of the NasVO(PO4)> compound.

Total ——V (3d) ——O(2p)|

In general, the polyanionic compounds exhibit electronic properties of semiconductors or
insulators. Metal-doping is a well-known strategy to change the electronic structure and
improve ionic conductivity.>>>’ The electronic structure of the doped and pristine materials is
very similar, with a small decrease of the band gap observed in all the doped compounds. Even
though the decrease in the band gap is small, it can still facilitate electron conduction and thus
accelerate the electron reaction kinetics. As a result, an improved electrochemical performance
can be expected. The band gap reduction may be associated with the low electron affinity of
the doped atoms compared to the V atom,’® which causes an increase in the electronic

conductivity.

3.3 Na-ion diffusion rates and pathways

MD simulations were performed over long timescales (10 ns) to examine long-range Na-ion
transport. From the mean squared displacement (MSD) analysis, we observed that the diffusion
takes place with equal probability in the three spatial directions. At 300 K, the diffusion
coefficient (Dna) of the NasVO(PO4), compound was calculated at 5.1 x 10! cm? s, To the
best of our knowledge, there are no experimental or computed values of this compound
available in the literature for comparison. However, the computed Dna is similar to those found
in other vanadium phosphate cathode materials, e.g. NaVOPO4 (107''-10"% cm? s7),°® and in

other Na-ion cathode materials, such as Na,CoO, (107! cm? s1),%° Na,MnO; (10! cm? s7)°®!

10
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and NaxCoSiOs (1012 cm? s7!).%? Using the Nernst-Einstein equation we have converted the
diffusion coefficient to conductivity which was found to be equal to 7.5 x 10> S cm™. This
value obtained from our calculations is very similar to the experimental value of 10* S cm’'.
The MD calculations were performed at different temperatures between 300 and 1400 K,
covering a larger range than only the typical NIB operating temperatures. The computed
diffusion coefficients at different temperatures can be used to estimate activation energies from
an Arrhenius plot (In Dna vs. 1/T), as shown in Figure 5.
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Figure 5. Arrhenius plot of Na-ion diffusion coefficients vs. temperature for the Na;VO(POs),
compound.

The activation energy for the onset of diffusion of the sodium ion in the NasVO(POs)>
compound was calculated at 0.49 eV, which is similar to the values of other vanadium
phosphate compounds. Diffusion trajectories of Na ions are visualised in Figure 6 by plotting
accumulated Na-ion densities, indicating the most frequently crossed sites during the MD
simulation. As derived from the MSD analysis, we observed from the Na densities that the
diffusion takes place along 3D channels. These results confirm that Na ions are highly mobile

in the VO(POs), framework, with all the Na sites involved in the diffusion.

11
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Figure 6. Na density plot from MD simulations at 700 K showing the Na diffusion pathways of the
Na;VO(POs4), compound. Na-ion density is plotted in yellow.

4. Conclusions

The sodium vanadyl phosphate Na;VO(POs): is one of the most promising cathode materials
for sodium-ion batteries because of its good electrochemical performance. Here, we have
studied the electronic structure, diffusion and cation doping properties of the NasVO(PO4)2
compound. Our work shows good reproduction of the observed experimental structure and it
also reveals key atomistic insights into the ionic transport properties. From the MD simulations,
we derived an Na ion activation energy of 0.49 eV and a diffusion coefficient at 300 K of Dna
=5.1 x 10" cm? 57!, Analysis of the migration pathways shows that the Na-ion diffusion in the
NasVO(POs)2 compound takes place along 3-dimensional channels. The DFT-computed cell
voltage of 3.3 V vs. Na/Na* agrees well with the reported electrochemical data, whereas cation
doping (AI**, Co?*, Fe**, Mn*, Ni?* and Ti*") at the vanadium site is predicted to increase the
cell voltage. The Mn- and Ti-doped materials show an increase of the cell voltage within the

electrochemical stability window of current liquid electrolytes.

Overall, the fundamental insights presented in this work will help us understand the ionic

transport properties of phosphate cathode materials for sodium-ion batteries.
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