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Abstract: NazV,(POy4)3 (NVP), a NASICON-type material, has gained attention as a promis-
ing battery cathode owing to its high sodium mobility and excellent structural stability.
Using computational simulation techniques based on classical potentials and density func-
tional theory (DFT), we examine the defect characteristics, diffusion mechanisms, and
dopant behavior of the NVP. The study found that the Na Frenkel defect is the most favor-
able intrinsic defect, supporting the desodiation process necessary for capacity and enabling
vacancy-assisted Na-ion migration. The Na migration is anticipated through a long-range
zig-zag pathway with an overall activation energy of 0.70 eV. K and Sc preferentially occupy
Na and V sites without creating charge-compensating defects. Substituting Mg at the V site
can simultaneously increase Na content by forming interstitials and reducing the band gap.
Additionally, doping Ti at the V site promotes the formation of Na vacancies necessary for
vacancy-assisted migration, leading to a notable improvement in electronic conductivity.

Keywords: NazV;,(POy)s; defects; dopants; diffusion; DFT

1. Introduction

The depletion of fossil fuel resources, coupled with growing environmental and
geopolitical concerns, has accelerated the search for alternative energy sources including
batteries. These alternatives help to generate clean electricity, store energy efficiently, and
power transportation.

Rechargeable batteries offer a promising solution for efficient energy storage, playing
a crucial role in the transition to renewable energy and the electrification of various sectors,
particularly transportation [1-3]. Advancements in battery technology, along with solutions
to challenges like cost, energy density, and recycling, will be key to achieving a cleaner,
more sustainable energy future. While lithium-ion batteries (LIBs) have dominated the
energy storage landscape for several decades due to their superior performance, the scarcity
of lithium and the environmental and geopolitical challenges associated with its extraction
raise concerns about their long-term sustainability [4—6]. To meet the growing demand
for energy storage and reduce reliance on limited lithium resources, the development of
alternative battery technologies, improved recycling practices, and material innovations
are essential.

Sodium-ion batteries (SIBs) are attracting growing interest for grid storage applications
primarily because of their cost-effectiveness [7,8] and the abundance of sodium compared
to lithium [9,10]. Developing electrode and electrolyte materials for SIBs is crucial to their
success, as these components largely determine the performance of a battery, including
its energy density, cycle life, efficiency, and overall safety. The synthesis and testing of

Physchem 2025, 5, 1

https://doi.org/10.3390/physchem5010001


https://doi.org/10.3390/physchem5010001
https://doi.org/10.3390/physchem5010001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/physchem
https://www.mdpi.com
https://orcid.org/0009-0008-8118-5786
https://orcid.org/0000-0002-1710-5023
https://orcid.org/0000-0002-4826-5329
https://doi.org/10.3390/physchem5010001
https://www.mdpi.com/article/10.3390/physchem5010001?type=check_update&version=1

Physchem 2025, 5, 1

2of 16

various sodium-based materials for SIBs including phosphates, fluorosulfates, pyrophos-
phates, and oxychlorides have shown promising results in enhancing battery performance.
Research continues to focus on addressing challenges related to capacity, stability, and
cost-effectiveness, with innovations in anode and cathode materials, as well as electrolytes,
paving the way for the practical application of sodium-ion technology in large-scale energy
storage systems.

Transition metal phosphates have attracted significant attention in recent years, pri-
marily due to their unique structural characteristics derived from a framework of linked
polyhedra, such as octahedra and tetrahedra [11-16]. This intricate structure facilitates
efficient sodium ion diffusion and allows for the tuning of various properties to optimize
electrochemical performance. NVP is a promising cathode material for sodium-ion batter-
ies because of its high theoretical capacity, excellent structural stability, superior sodium
conductivity, and robust thermal stability [17-20]. However, NVP exhibits low electronic
conductivity, restricting its practical application. Various strategies have been implemented
to overcome this limitation to enhance the electronic conductivity and operating voltage
of NVP, thereby improving its electrochemical performance and the energy density of
sodium-ion batteries [17]. Carbon coating is a promising method for enhancing the elec-
tronic conductivity of composite materials [17]. However, it does not address the intrinsic
electronic and ionic conductivity of NVP [17]. Doping with heteroatoms is considered an
effective modification strategy. Currently, doping NVP materials often involves introducing
transition metal atoms to replace Na and V sites, which can significantly expand the lattice
spacing, increase the voltage plateau, and enhance electronic conductivity [21-24]. In
Si-substituted NVP, vanadium remains in a trivalent state, confirming the preservation of
Na-ions in the synthesized compositions. The increased lattice volume, combined with the
retained Na-ions, enhances Na-ion conductivity [22]. The substitution of Cr for vanadium
in the NVP structure greatly enhanced the structural stability of the electrode, while the
addition of a uniform, thin carbon coating improved its electrical conductivity. Remarkably,
the NVCrP@C cathode demonstrated high electrochemical activity, enabled by multiple
V3+ /v /V5* redox reactions induced by Cr3* substitution, across a broad voltage range
of 2.5-4.1V [24].

Na-ion mobility is a crucial factor in determining the rate performance and cycling sta-
bility of Na-ion batteries. However, there is no consensus on the exact migration pathways
of Na [25-27]. Early experimental studies indicated that Na-ion migration is relatively
sluggish during electrochemical reactions. Theoretical studies, using different methodolo-
gies, have predicted different Na-ion migration pathways, each with distinct activation
energies. While numerous experimental studies have investigated the electrochemical
properties, preparation methods, cycling stability, and enhancements in electronic con-
ductivity, relatively few theoretical studies have focused on Na-ion migration and the
doping behavior of NVP. In a previous DFT simulation study, the substitution of P atoms
with B atoms introduced positive doping, which enhanced structural stability, as indicated
by increased cohesive energy, while also leading to lattice shrinkage. Furthermore, the
incorporation of B atoms into the lattice raised the oxidation state of V atoms, resulting in
higher operating voltages in B-doped NVP. However, the lattice shrinkage slightly impeded
rate performance [28].

Atomistic simulation techniques based on either classical pair-wise potentials or den-
sity functional theory (DFT) are instrumental in elucidating the complex mechanisms
behind defect formation, ion transport, and doping behavior in NVP. By providing critical
insights, these simulations guide the development of high-performance electrode materials,
contributing to more efficient and sustainable energy storage solutions in SIBs. Previous
simulation studies on oxide materials have showcased the capability of atomistic tech-
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niques to uncover specific properties, including defect dynamics, electronic structures,
and diffusion pathways, which are often challenging to explore experimentally [29-35].
Notably, the Li-ion diffusion pathways predicted in LiFePO, using atomistic simulations
demonstrated excellent agreement with neutron diffraction experiments [31].

This study combines classical pair-wise potentials and DFT to provide a detailed exam-
ination of the defect, diffusion, and dopant properties of NVP. The insights gained from this
computational modeling will contribute to a deeper understanding of the electrochemical
behavior and support the development of high-performance sodium-ion batteries.

2. Computational Methods

A classical simulation technique, utilizing the GULP code (General Utility Lattice
Program) [36], was used to investigate intrinsic defects and Na™* ion diffusion. DFT simula-
tions as implemented in the VASP code (Vienna Ab initio Simulation Package) [37] were
conducted to compute charges on the relaxed configurations, validate the trends in defect
energetics, and evaluate dopant solubility together with electronic structures.

The GULP code calculates the total lattice energy by accounting for both long-range
and short-range interactions, with short-range ionic interactions modeled using Buck-
ingham potentials (see Table 1) [38—41]. Structural relaxation was achieved through the
Broyden—Fletcher-Goldfarb—Shanno (BFGS) algorithm [42]. The Mott-Littleton method [43]
was used to model point defects and ion migration. Na-ion diffusion was simulated by
defining two neighboring Na vacancy sites as the initial and final positions, with seven
interstitial sites forming a linear diffusion path. Defect energies at seven positions along
this path were calculated, taking the midpoint between two adjacent Na vacancy sites as
the central reference to reduce systematic errors. The activation energy was determined by
calculating the energy difference between the highest local energy at the saddle point along
the diffusion path and the minimum energy required for Na vacancy formation, which is
reported as the activation energy for the diffusion pathway.

Table 1. Buckingham potential parameters used to model the crystal structure of NVP [38—41].

Interaction AleV plA CleV-A® Y/e K/eV-A—2
Na*-0?~ 1271.504 0.3000 0.00 1.00 99,999
V3+_02- 1790.20 0.3061 0.00 3.00 36.27
Po+_0O2- 1273.42017 0.32272 0.00 5.00 99,999
02-0*- 22764.0 0.1490 27.879 -2.922 81.64857

Two-body [®j; (rjj) = Ajj exp (—1ij/pij) — C,'j/r,-]-(’] where A, p, and C are parameters reproducing the experimental
data. The values of Y and K are shell charges and spring constants, respectively.

All calculations in the DFT simulation employed a plane-wave basis set with a 500 eV
cut-off, projected augmented wave (PAW) pseudopotentials [44], and a 4 x 4 x 4 Monkhorst—
Pack [45] k-point mesh. The exchange-correlation energy was described using the PBE-GGA
(Perdew, Burke, and Ernzerhof generalized gradient approximation) [46]. Full geometry opti-
mizations were performed with the conjugate gradient algorithm [47] to a force tolerance of
0.001 eV/A. Bader charge analysis [48] was conducted to estimate the effective charges on atoms
in the relaxed configurations. All defects in the DFT simulations were treated as neutral.

3. Results
3.1. Crystal Structure of NVP

The crystal structure of NVP exhibits a monoclinic crystallographic structure with space
group C2/c [49] (lattice parameters a = 15.34 Ab=893A,c=889A, = v =90.00°,  =125.20°).
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The structure and chemical environment of P is formed by tetrahedral units of four O atoms and
V is made up of octahedral units of six O atoms (see Figure 1a). The experimentally observed
monoclinic crystal structure, derived from a combination of laboratory and synchrotron X-ray
powder diffraction with single-crystal X-ray diffraction, was validated to assess the effectiveness
of the classical pair potentials in the GULP code and the pseudopotentials and basis sets in the
VASP code. The equilibrium lattice constants calculated using both methods agree with the
experimental values (Table 2).

Figure 1. (a) Crystal structure of NazV,(POy)3, (b) its DOS plot, and (c) charge density plot showing
the accumulation of electron density on the oxygen atoms. The vertical dot lines corresponds to the
Fermi energy level.

Table 2. Calculated lattice parameters of NVP together with corresponding experimental values.

Lattice Calculated Experiment 1A1C%)
Properties Classical DFT [49] Classical DFT
a(A) 15.23 15.25 15.34 0.67 0.59
b (A) 8.79 8.86 8.92 1.56 0.67
c(A) 8.90 8.85 8.89 0.15 0.45
ax=v(°) 90.0 90.0 90.0 0.00 0.00
B (°) 124.9 125.8 125.2 0.23 0.47
V (A3 977.76 969.1 994.79 1.71 2.58

The total density of states (DOS) plot indicates that NVP exhibits semiconducting
behavior with a band gap of 1.30 eV. Previous simulation studies have reported slightly
larger band gap values, including 1.875 eV [50], 2.04 eV [51], 2.06 eV [52], 2.19 eV [53], and
3.32 eV [54]. This underestimation of the band gap is a common characteristic of GGA-PBE
DFT calculations. The GGA + U method can increase the band gap by incorporating U
Coulomb interactions.

Table 3 represents Bader charges for the elements in NVP. The Bader charge is a
method used in computational chemistry to assign partial charges to atoms in a molecule
or material based on the electron density. A Bader charge of +1.00 calculated for Na means
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it has lost approximately one electron and is in a +1 oxidation state. Vanadium has a Bader
charge of +2.14. This suggests vanadium has lost more than two electrons, implying a +2 to
+3 oxidation state. A Bader charge of +5.00 corresponds to a +5 oxidation state for P, which
is typical for phosphorus in compounds like phosphate (POi_). A typical —2 oxidation
state for oxygen indicates it has gained nearly two electrons.

Table 3. Bader charges calculated on the atoms in the relaxed configuration of NVP.

Atom Bader Charge (e)
Na +1.00
\% +2.14
P +5.00
@) —1.86

3.2. Intrinsic Defects

Defects are localized imperfections within an otherwise perfect crystal lattice, typically
occurring at or around a single lattice site on an atomic scale. These irregularities have a
significant impact on the properties of materials, including mechanical strength, electrical
conductivity, and chemical reactivity. Defects can be classified into main types including
point defects, line defects, and planar defects [55]. Point defects are irregularities that occur
at a single location within the crystal lattice and are commonly categorized as vacancies,
interstitials, and substitutions. Line defects, or dislocations, are characterized by disruptions
in the atomic arrangement along a one-dimensional line within the lattice. Unlike point
defects, which affect individual atoms, line defects influence the mechanical properties of
materials, particularly their strength and ductility. Planar defects refer to disruptions in the
atomic arrangement along a two-dimensional plane in the crystal structure, such as grain
boundaries, stacking faults, and twin boundaries. These defects can significantly impact
material properties like strength, hardness, and resistance to deformation, as they influence
the movement of dislocations within the lattice.

Formation energies for various point defects, including vacancies and interstitials,
were calculated to investigate the electrochemical behavior of this electrode material. These
point defects were combined to determine the energies associated with Frenkel and Schottky
defects. Additionally, the anti-site defect, which can significantly impact the material’s ion
diffusion properties, was also calculated. The following reaction equations describe the
intrinsic defect processes using Kroger—Vink notation [56].

Na Frenkel : Nay, — Vi, + Na! (1)

V Frenkel : Viy — Vi, + V*® 2)

O Frenkel : OF — Vs + O 3)

Schottky : 3NaX, + 2V + 3P} + 1208 — 3V{, +2Vy, + 3V 4+ 12VS® + NazV,(POy)3 (4)
Na,O Schottky : 2Nay,,; + OF — 2V, + V&° + Na,O (5)

V503 Schottky : 2V + 308 — 2Vy +3 VE + V2,0, (6)

P,Os Schottky : 2Py + 508 — 2V +5 Ve 4 P,0s 7)

Na/V anti-site (isolated) : Nayx,, + V3 — Nay, + V3, (8)

"

Na/V anti-site (cluster) : Nay, + V¥ — {Nay, + Vi, X )
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Table 4 displays the computed defect energies, highlighting that the predominant
defect in this material is the Na Frenkel defect. These calculations reveal that the energy
required to form a Na Frenkel defect is relatively low compared to other defects. This
suggests that the Na-ion movement will be facilitated by vacancy formation. Using both
methods, a similar trend is observed. The trend in defect energies is consistent across both
methods, despite some differences in the absolute values. This variation is partly due to
the absence of electronic contributions in the classical method and the treatment of defect
charges as neutral in the DFT approach. The Na/V anti-site cluster is the second most
favorable defect. The binding energy, calculated as the difference between the isolated and
clustered forms of the anti-site defect, is —2.09 eV in the classical method and —2.23 eV
in the DFT method. This negative binding energy indicates that the isolated defects
spontaneously form clusters without requiring any additional energy. Anti-site defects
have been confirmed through both experimental and computational studies in various oxide
materials. The Schottky defects, except for the Na,O Schottky, were found to have higher
energies (>4 eV), indicating that they are unlikely to occur at standard room temperature.

Table 4. Calculated reaction energies for intrinsic defect processes.

Defect Energy (eV)/Defect

Defect Process Equation Number Classical DFT

Na Frenkel 1 0.46 141

V Frenkel 2 4.65 5.20

O Frenkel 3 4.25 4.75
Schottky 4 5.78 6.21

NayO Schottky 5 3.46 3.86
V,03 Schottky 6 497 5.25
P,Os5 Schottky 7 10.40 12.46
Na/V Anti-site (isolated) 8 3.04 3.96
Na/V Anti-site (cluster) 9 0.95 1.73

3.3. Diffusion of Na-lons

Developing an efficient battery requires identifying an electrode or electrolyte material
with high ionic conductivity and low activation energy. To evaluate its potential as a high-
rate cathode material, static atomistic simulations based on the classical pair potentials were
performed considering several plausible diffusion pathways that contribute to sodium ion
conduction. Experimentally, exploring these pathways is challenging. Through classical
atomic-level simulations, five distinct local Na hops involved in vacancy-mediated Na-ion
migration (see Figure 2) were identified. The separations and corresponding activation
energies for these local Na hops are presented in Table 5.

Table 5. Calculated Na-Na separations together with their corresponding activation energies.

Na Local Hop Na-Na Separation (A) Activation Energy (eV)
A 3.33 0.70
3.41 0.49
C 4.64 2.56
D 4.80 419
E 4.87 4.79
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Figure 2. Na ion migration pathways with different local Na-Na hops.

The migration pathway for Na* ions through a local Na-Na hop with the lowest
activation energy is found to be 0.49 eV. A lower activation energy value typically indicates
that sodium ion migration along this pathway is more favorable and occurs more easily.
The second most favorable local hop for sodium migration has an activation energy value
of 0.70 eV (see Figure 3). Higher activation energies for other migration paths suggest
that ion movement through these routes is less favorable compared to the lower-energy
pathways. These activation energy values are crucial in determining the ease of ion

diffusion, which plays a key role in the design and optimization of materials for applications
like energy storage.
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Figure 3. Activation energies calculated for five different Na-Na local hops.

Various long-range diffusion pathways connecting local Na* hops were also explored.
One such pathway, denoted (A—B— A—B), follows a zig-zag pattern with Na-ion movement
occurring within the bc plane (see Figure 2). The overall activation energy for this long-range
migration pathway is the lowest at 0.70 eV. This information sheds light on the structural
characteristics of the diffusion route, with the zig-zag pattern suggesting a specific direc-
tionality of Na-ion movement. In contrast, the activation energies for other long-range hops
are significantly higher (>2.00 eV), making those pathways less favorable for ion migration.
Consequently, these high-energy paths are excluded from further discussion.
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In the literature, varying migration energies have been reported through alternative
mechanisms. These discrepancies may arise from factors such as neutral defects or the
size of the supercell. In the present simulation method, the migrating ions were treated as
fully charged. The activation energies reported in a prior theoretical study show reasonable
agreement with the values obtained in this work [27,57]. In a previous DFT simulation
study, concerted ion-exchange ion migration was found to be the preferred pathway with
an activation energy of 12.78 kcal mol~! (0.55 eV). While this shows reasonable agreement
with the values reported for paths A and B, a direct comparison is not feasible since their
study considered a rhombohedral crystal structure, whereas the present study focuses on a
monoclinic structure.

3.4. Solution of Dopants

Ionic dopants are commonly employed to enhance both the ionic conductivity and
the chemical as well as mechanical stability of materials. Doping with various elemental
additives has been used to improve the kinetics in NazgV(POy); [21-24,58-60]. In this
study, isovalent and aliovalent dopants were explored to identify and forecast potentially
valuable candidates for future experimental investigations. The work in this study involved
DFT simulations for the dopant calculations. We utilized charge-compensating defects like
interstitials, vacancies, and lattice energies to compute solution energies, thereby aiding in
the prediction of promising dopants for further exploration.

3.4.1. Monovalent Dopants

The process of incorporating monovalent dopants (represented as M, where M = Li, K, or
Rb) into the Na site can be expressed using the following equation in Kroger-Vink notation:

0.5MO+Naf, — M + 0.5Na,O (10)
Na Na

Table 6 compares the properties of three dopants (Li*, K*, and Rb") based on their
ionic radius, Bader charge, solution energy, M-O bond distances, and percentage change
in lattice volume. Li*, with the smallest ionic radius of 0.76 A, exhibits the highest Bader
charge (+1.00 lel), the shortest M-O bond distances (2.31 A and 2.38 A), and causes a
slight lattice contraction (—0.65%). Its solution energy is the highest at 1.82 eV per dopant,
indicating less favorable incorporation into the lattice. In contrast, K* (1.38 A) and Rb*
(1.52 A) have lower Bader charges (+0.85 lel), longer M-O bond distances (2.57 A, 268 A
for K*;2.66 A, 2.78 A for Rb"), and lead to lattice expansion (+1.51% for K* and +2.19% for
Rb™). Among the three, K™ has the lowest solution energy (1.24 eV per dopant), suggesting
the most energetically favorable doping. These trends highlight how ionic size and charge
influence lattice behavior and dopant incorporation energetics. In an experimental study
by Shen et al. [61], strategic doping of an appropriate amount of K* ions into the NVP
was implemented. This modification increases the unit cell volume, thereby widening the
sodium ion migration channels and significantly enhancing the rate performance of NVP.

Table 6. Solution energies calculated for the monovalent dopants substituted on the Na site. Ionic
radius, Bader charges on the dopant atoms, M-O distances, and volume change are also provided.

Ionic Radius of Bader Charge on Solution Energy =~ M-O Distance

Dopant Dopant Ion (A) Dopant (lel) (eV)/Dopant (A) % x100(%)
Li* 0.76 +1.00 1.82 2.31,2.38 —0.65
K* 1.38 +0.85 1.24 2.57,2.68 +1.51
Rb* 1.52 +0.85 1.31 2.66,2.78 +2.19
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The electronic DOS plot indicates that the doped configuration remains a semiconduc-
tor (see Figure 4a), though the band gap is slightly reduced to 1.10 eV. The states of K do
not influence the Fermi level, as the p-states of K are localized deeper within the valence
band (see Figure 4b). Additionally, the electron charge density is not concentrated on the K
atom, which is consistent with its positive Bader charge (see Figure 4c).

(a) (b) — s (s/u)
| — s (s/d)
| p (s/u)
| — p (s/d)

DOS (arb.unit)
DOS (arb.unit)

0 1 2 3 4 5 6 7 8 —109-8-7-6-5-4-3-2-10 1 2
Energy (eV) Energy (eV)
Figure 4. (a) Total DOS plot calculated for the K-doped NVP, (b) atomic DOS plot of K, and (c) the
charge density plot showing the localization of electrons around the dopant. The vertical dot lines
corresponds to the Fermi energy level.

3.4.2. Divalent Dopants

Divalent dopants on the V site can introduce additional Na in the form of interstitials,
as described by the following defect equation. This strategy has the potential to improve
the capacity of rechargeable SIBs.

MO + V¥ + 0.5Na,0 — M}, + Naf + 0.5V,0; (11)

Table 7 compares various divalent dopants (Fe%*, Ni%*, Zn%*, Mn?*, Mg2+, CaZ,
Sr?*, and Ba?*). Smaller dopants, such as Fe?* (0.61 A) and Ni2* (0.69 A), have the high-
est Bader charges (+1.65 lel and +1.40 lel, respectively), shorter M-O bond distances
(1.96-2.13 A), and result in slight lattice contractions (—0.72% for Fe?* and —0.21% for Ni%*).
Their positive solution energies indicate less favorable incorporation, particularly for Fe*
(1.42 eV). In contrast, larger dopants, such as CaZ*, Sr?*, and BaZ*, with ionic radii of
1.06 A,1.18 A, and 1.35 A, respectively, exhibit lower solution energies (—0.35, —0.15, and
—0.02 eV, respectively) and significantly longer M-O bond distances (up to 2.62 A for
Ba?*). These dopants cause notable lattice expansions, reaching +2.67% for Ba?*. Mid-sized
dopants, such as Mn?* (0.83 A) and MgZJr (0.86 A), balance these extremes, showing moder-
ate lattice effects. Notably, Mn?* achieves the most favorable solution energy (—0.15 eV)
among the transition metal dopants. Overall, the trends reveal that ionic radius, Bader
charge, and bond lengths dictate the structural and energetic impact of dopants, with
larger ions leading to lattice expansion and smaller ions inducing contraction. The most
favorable dopant is predicted to be Mg?*. This favorable dopant has been experimentally
verified [62]. A series of Mg-doped Na3zV;_Mgy(POy4); (x = 0-0.1) cathode materials were
synthesized using a sol-gel method [61]. The study revealed that Mg doping significantly
enhances the ionic and electronic conductivity of NaszV,_ Mg, (PO,)3, leading to substantial
improvements in both rate and cycling performance.

Doping Mg at the V site introduces additional peaks in the band gap, leading to a
slight reduction in its width (see Figure 5a). However, the Mg states contribute minimally
to these peaks (see Figure 5b). The electron density remains primarily localized throughout
the lattice (see Figure 5c).
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Table 7. Solution energies calculated for the divalent dopants substituted on the V site. Ionic radius,
Bader charges on the dopant atoms, M-O distances, and volume change are also provided.

Ionic Radius of Bader Charge on Solution Energy = M-O Distance

Dopant Dopant Ion (A) Dopant (lel) (eV)/Dopant (A) % x100(%)
FeZ* 0.61 +1.65 1.42 1.96-2.02 —0.72
NiZ* 0.69 +1.40 0.34 2.04-2.13 —0.21
Zn%* 0.74 +1.47 0.42 2.10-2.24 +0.11
Mn?* 0.83 +1.76 —0.15 2.09-2.19 +0.50
Mg?* 0.86 +2.00 —0.37 2.05-2.12 —0.07
Ca%t 1.06 +1.60 —0.35 2.26-2.35 +1.68
Sr2* 1.18 +1.63 —0.15 2.41-2.54 +2.18
Ba%* 1.35 +1.62 —0.02 2.53-2.62 +2.67

( (b) Zten

I p (sfu)
ul |—p(sid)

DOS (arb.unit)
DOS (arb.unit)

R o e R m R a R a e R e e L R R s na s man

01 2 3 4 56 7 8 0123 4056 7 8
Energy (eV) Energy (eV)

Figure 5. (a) Total DOS plot calculated for the Mg-doped NVP, (b) atomic DOS plot of Mg, and (c) the

charge density plot showing the localization of electrons around the dopant. The vertical dot lines

corresponds to the Fermi energy level.

3.4.3. Trivalent Dopants

Next, trivalent dopants (M = Al, Ga, Sc, In, Y, and La) were considered on the V site.
The process can be explained through the following equation.

0.5 MO3 + V¥ — MY + 0.5V,0;3 (12)

Smaller dopants (AI** and Ga3*) result in slight contraction (—0.73% and —0.21%,
respectively), possibly due to the smaller ionic radius compared to the host material (see
Table 8). La%* (1.03 A) causes a more significant expansion of the host lattice (+2.53%),
which may be attributed to the larger ionic radius and the resulting strain in the lattice. The
solution energies of Sc>* and La3" are more negative (indicating higher stability in the host),
while Ga®* and In®* have less negative or even near-zero solution energies, suggesting less
stability in the lattice. Most dopants have a formal charge of +3, but Sc3* and Y3t have
slightly lower Bader charges, indicating that these dopants might have a slightly reduced
effect on the electronic properties of NVP compared to others with a full +3 charge.

Experimental doping of Sc at the V site formed a more stable ScOg octahedral unit,
attributed to the larger ionic radius of Sc and stronger oxygen affinity [63]. This modification
significantly improved the structural stability of NVP, protecting Na* active sites from the
effects of high current densities and consequently enhancing both rate performance and
cycling stability. The exothermic solution energies calculated for the other dopants have
also been experimentally validated. When AI** and Ga®* ions substitute at the V site, their
stronger and shorter M—O chemical bonds enhance the oxygen ligand framework (MOg),
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improving overall structural stability [64]. Meanwhile, larger metal ions such as Sc** and
Y3+ act as pillar ions, reinforcing the crystal structure and widening Na* diffusion channels,
which results in higher ionic conductivity [64].

Table 8. Solution energies calculated for the trivalent dopants substitutionally doped on the V
site. Ionic radius, Bader charges on the dopant atoms, M-O distances, and volume change are
also provided.

Dopantlons [0t R Dopant (o) eWiDopant. Gy A x10000
A+ 0.54 +3.00 —0.32 1.84-1.93 —0.73
Ga3* 0.62 +3.00 —0.08 1.98-2.02 —0.21
Sc3+ 0.75 +2.12 —0.72 1.98-2.13 +0.97
In3* 0.81 +3.00 —0.13 2.18-2.21 +1.41
Y3+ 0.90 +2.27 —0.57 2.11-2.27 +2.24
La3* 1.03 +2.20 —0.31 2.36-2.49 +2.53

Sc-doped NVP demonstrates semiconducting behavior, characterized by the emer-
gence of additional peaks and a reduction in the band gap (Figure 6a). The absence of
Sc-related peaks within the band gap indicates that Sc occupies the V site with minimal
distortion (Figure 6b). Furthermore, no charge transfer from the lattice to Sc is observed
(Figure 6¢).

(a

DOS (arb.unit)
T
1

DOS (arb.unit)
|
|
|

R T e R RARERRaRsms B B e e e e R E e R L

0‘123456780123456‘78
Energy (eV) Energy (eV)

Figure 6. (a) Total DOS plot calculated for the Sc-doped NVP, (b) atomic DOS plot of Sc, and (c) the
charge density plot showing the localization of electrons around the dopant. The vertical dot lines
corresponds to the Fermi energy level.

3.4.4. Tetravalent Dopants

The doping process of tetravalent dopants (M = Si, Ge, Ti, Sn, and Ce) over the trivalent
V sites yields sodium vacancies. This can be shown using the following equation.

MO, + V¥ 4+ NaX, — MY + Vi, + 0.5V,03 + 0.5Na,O (13)
Vv Na Vv Na

Through this doping process, we can further induce the vacancy-mediated Na ion
diffusion in the material. Table 9 reports the solution energies of various dopants. Ti has the
lowest solution energy due to having an almost similar ionic radius to V (0.64 A). Table 10
lists the lattice parameters of various doped crystalline structures.
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Table 9. Solution energies calculated for the monovalent dopants substituted on the Na site. Ionic

radius, Bader charges on the dopant atoms, M-O distances, and volume change are also provided.

Dopantlons [0 lon(3)  Dopant(1al) (eVy/Dopans MO Pistance & x1000%
Sit* 0.40 +4.00 4.19 1.74-1.85 —1.00
Gett 0.53 +4.00 3.14 1.86-1.97 +0.02
Tit 0.61 +2.54 2.39 1.91-2.07 +0.56
Sn* 0.69 +4.00 2.85 2.01-2.11 +1.36
Ce** 0.87 +2.37 2.94 2.14-2.33 +3.30

Table 10. Crystalline structures of NVP upon doping of various dopants.
Lattice Parameters
Dopant " " .

a(A) b (A) c(A) x(°) B () Y ()

Li 15.25 8.86 8.86 89.9 125.9 90.0

K 15.23 8.23 8.96 90.1 125.2 90.0

Rb 15.21 8.82 9.01 90.1 124.9 90.1

Fe 15.21 8.83 8.83 90.0 125.8 90.0

Ni 15.24 8.84 8.84 90.0 125.8 90.0

Zn 15.26 8.85 8.85 90.0 125.8 90.0

Mn 15.28 8.87 8.86 90.1 125.8 89.9

Mg 15.24 8.85 8.85 90.1 125.8 90.0

Ca 15.35 8.90 8.89 90.2 125.7 89.8

Sr 15.43 8.89 8.88 90.2 125.6 89.7

Ba 15.43 8.82 8.85 89.8 125.1 89.8

Al 15.20 8.82 8.82 89.9 125.7 90.1

Ga 15.24 8.85 8.84 90.0 125.7 90.0

Sc 15.29 8.88 8.87 90.1 125.7 89.9

In 15.33 8.89 8.88 90.1 125.7 89.9

Y 15.37 8.92 8.90 90.1 125.7 89.9

La 15.45 8.91 8.88 90.1 125.6 89.7

Si 15.26 8.84 8.84 90.0 125.8 90.0

Ge 15.35 8.85 8.87 90.0 125.7 90.0

Ti 15.38 8.99 8.90 90.0 126.1 90.0

Sn 15.47 8.86 8.90 90.0 125.8 90.0

Ce 15.66 8.82 8.93 90.0 126.7 90.0

Si** has the smallest ionic radius and a high charge (+4), leading to a solution energy

of 419 eV (relatively high, indicating it may not be as easily incorporated into the NVP) and

a volume change of —1.00%, which means it causes a contraction in the host material due

to its small size and strong ionic charge. Ge** is slightly larger and has a similar +4 charge,

but its solution energy is lower (3.14 eV), suggesting it is more easily incorporated than

Si**. Volume change is near zero (+0.02%), indicating a minimal effect on the volume of the

host. Ti** has a lower charge of +2.54, which results in a relatively lower solution energy
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(2.39 eV) and a AV/V of +0.56%, suggesting that it slightly expands the host lattice. Sn**
with a +4 charge has a solution energy of 2.85 eV, indicating a reasonably stable incor-
poration in the host material. Its AV/V of +1.36% suggests it causes a more noticeable
expansion of the lattice. Ce**, with a +2.37 Bader charge and a solution energy of 2.94 eV,
is the largest dopant in this group. The AV/V is +3.30%, indicating it leads to the most
significant expansion of the lattice, possibly due to its relatively large size and lower charge.

Ti** has been extensively utilized to replace V3* in phosphate cathode materials [65,66].
Ti-doped NVP materials have been synthesized using a one-step solid-phase method [66].
The incorporation of Ti** reduces the structural volume due to the smaller size of the TiOg
octahedron compared to the VOg octahedron, while also generating additional Na site
vacancies, which enhance Na* diffusion [67].

The d-states of Ti interact with the Fermi level, resulting in a reduced band gap
(Figure 7a,b). The doped Ti forms a TiO4 octahedron without any charge accumulation
(Figure 7c).

(a (b) -

DOS (arb.unit)
DOS (arb.unit)
f

Energy (eV) Energy (eV)

Figure 7. (a) Total DOS plot calculated for the Ti-doped NVP, (b) atomic DOS plot of Ti, and (c) the
charge density plot showing the localization of electrons around the dopant. The vertical dot lines
corresponds to the Fermi energy level.

4. Conclusions

This study employs a combination of simulation approaches, utilizing classical pair-
wise potentials and DFT, to investigate intrinsic defect processes, vacancy-assisted Na
ion diffusion, and dopant incorporation in NVP. The Na Frenkel defect is identified as an
energetically favorable process. Na ion diffusion follows a long-range zig-zag pathway
with an activation energy of 0.70 eV, indicating moderate diffusivity. Solution energy
calculations reveal that K on the Na site and Sc on the V site are energetically favorable
substitutions. Introducing the divalent dopant Mg?* at the V site appears promising for
generating sodium interstitials. Additionally, incorporating the tetravalent dopant Ti** at
the V site enhances Na vacancy concentration and reduces the band gap, thereby improving
electronic conductivity.
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