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Abstract: In this work, the electronic structure and properties of NASICON-structured A,V,(PO,);,
where A =Li, Na, K were studied using hybrid density functional theory calculations. The symmetries
were analyzed using a group theoretical approach, and the band structures were examined by
the atom and orbital projected density of states analyses. Li,V,(PO,); and Na,V,(PO,); adopted
monoclinic structures with the C2 space group and averaged vanadium oxidation states of V*2° in
the ground state, whereas K, V,(PO,); adopted a monoclinic structure with the C2 space group and
mixed vanadium oxidation states V+2/V*3 in the ground state. The mixed oxidation state is the least
stable state in Na,V,(PO,); and Li,V,(PO,);. Symmetry increases in Li, V,(PO,); and Na,V,(PO,);
led to the appearance of a metallic state that was independent of the vanadium oxidation states
(except for the averaged oxidation state R32 Na,V,(PO,);). On the other hand, K, V,(PO,); retained
a small band gap in all studied configurations. These results might provide valuable guidance for
crystallography and electronic structure investigations for this important class of materials.

Keywords: density functional theory; hybrid-exchange-correlation functionals; NASICON; sodium
vanadium phopshate

1. Introduction

The ongoing search for new ion insertion materials with superior characteristics is one
of the central themes in materials and electrochemical science [1]. They are at the heart of
active electrode materials in batteries, desalination cells, and many other electrochemical
devices. Na Superlonic Conductor (NASICON) structure type phosphate frameworks with
a general formula of A M,(PO,); (where x is from 1 to 4, A is typically an alkali metal such
as Li, Na, and K, and M is a transition metal, e.g., Ti, V, Cr, Fe, Mn, Co, Ni etc., or their
combinations) are attracting a lot of attention [2—4]. This is due to their structural diversity,
wide range of available redox potentials, electrochemical stability and reversibility, and high
ionic mobility. These properties are useful not only for alternative battery technologies, but also
for other electrochemical applications such as Faradaic deionization/desalination cells [5-10].

Further progress in this field still requires a lot of fundamental understanding as well
as materials engineering in order to fully realize the potential of such framework materials.
Despite a substantial theoretical effort, there is still a very limited understanding of the
electronic structure and chemical bonding in these systems at an atomic level. In fact, it is
these effects that really govern the material properties and behavior during electrochemical
operation. These include the formation and mobility of ionic and polaronic charge carriers,
interactions and ordering within the alkali, or transition metal sublattices, variation in the
electronic band structure during ion insertion process etc. [11-15].

The analysis presented in this work was inspired by some of our recent results and
the work of Wang et al. [16]. These results are based on Density Functional Theory (DFT)
calculations of a fully sodiated Na,V,(PO,); composition and indicate the intriguing
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possibility of an appearance of a metallic state in this particular phase. It is important
to mention that NASICON-structured materials similar to other polyanionic framework
compounds are typically assumed to be wide band gap semiconductors with a very low
electronic charge carrier concentration and conductivity. In practice, there is a lot of
additional processing and additives necessary when using these materials as electrodes.
The potential existence of an unexpected metallicity in this class of materials could not just
open new possibilities, but also would be very important to understand from a fundamental
point of view.

The NASICON structure consists of an open framework of corner-sharing VO, octa-
hedra and PO, tetrahedra with two different sites available for alkali metal occupation.
At ambient conditions, NASICON compounds are typically assumed to adopt a high sym-
metry thombohedral structure with a R3¢ (No. 167) space group (SG) (7-phase). This is
naturally expected in Na; M, (PO,); and Na,M,(PO,); structures, which both have fully
occupied M1 or Nal sites and either empty or fully occupied M2 or NaZ2 sites in the NA-
SICON structure, respectively. Although recently, the second-order Jahn-Teller effect has
been shown to exist and lead to the transition to a R3 space group in NASICON systems
with x = 1 [17]. However, for the intermediate occupation of M2 positions in Na,M,(PO,),
and NagM, (PO,); compositions, the situation is more complex. For example, Na;V,(POy,),,
due to Na disorder, adopts a R3c space group only above 177.2 °C [12], but, at lower tem-
peratures sodium ordering and symmetry reduction is frequently observed [11,12,15,16].

The primitive unit cell of a fully occupied Na,M,(PO,); consists of 42 atoms (Z = 2):
8 Na, 4 M, 6 P, and 24 O atoms. Therefore, Na atoms are distributed among 2 M1 or Nal
(Wyckoff position: 6b (0,0,0)) and 6 M2 or Na2 (Wyckoff position: 18e (x,0, 1)) positions
in the primitive unit cell. The position multiplicity in the conventional unit cell contains
a three times larger number of atoms, i.e., Z = 6. In addition, oxygen ions occupy two
low symmetry Wyckoff positions 36 f with different coordinates, whereas vanadium ions
occupy the Wyckoff position 12c.

The local symmetry of a transition metal site also introduces another degree of freedom
in terms of possible symmetries and sublattice ordering (also known as the Verwey-type
ordering) in a NASICON structure. Even with only one type of metal is occupying the site,
it might adopt a mixed-valence (or mixed-oxidation state) state due to charge neutrality
requirements or disproportionation [13,18]. Throughout this work, the following nomencla-
ture will be used for referring to the oxidation states (OSs) of vanadium in A;V,(PO,);. The
state of all vanadium atoms adopting equal fractional valence oxidation state of V2 will
be interchangeably referred as averaged oxidation (valence), or non-mixed-valence state.
The case where half of the vanadium atoms have V*2 and the other half V*3 oxidation
states will be referred to as mixed-oxidation or mixed-valence state, interchangeably.

The symmetry and orderings in the alkali and transition metal sublattices are strongly
dependent on the particular metal composition. Moreover, the experimental investigation
of these effects is highly non-trivial, because high-intensity X-ray sources and a careful
control of the sample preparation and measurement conditions are necessary [11].

In this study, we presented a comprehensive electronic structure analysis of NASICON-
structured A,V,(PO,); systems, where A = Li, Na, K. We used high-level hybrid density
functional theory calculations, the group theoretical symmetry approach, and the projected
density of states analyses in this work. The structures with different alkali metals in the
NASICON structure were fully optimized and analyzed in terms of available symmetries
and band structure. A comparative analysis in terms of different-sized alkali metal cations
by correspondingly replacing sodium with lithium and potassium was also performed.
To the best of our knowledge, this is one of the first of such studies where the electronic
aspects have been addressed in this class of materials at this level of detail and complexity.

2. Computational Methodology

Density Functional Theory (DFT) within Linear Combination of Atomic Orbitals
(LCAO) formalism, together with BIWC hybrid-exchange-correlation functionals as imple-
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mented in the CRYSTAL17 computer program, were used in this work [19,20]. All-Electron
Gaussian basis sets of Triple-Zeta Valence with Polarization (TZVP) functions on Na, P and
O were taken from Peintinger et al. [21]. In contrast, revised versions of pob-TZVP basis
sets for Li, K, and V were taken from Vilela-Oliveira et al. [22]. The number of contracted
basis functions (s/p/d/f) was 73211/511/1 for Na, 62111 for Li, 842111/6311/1 for K,
842111/6311/411/1 for V, 73211/5111/1 for P, and 6211/411/1 for O. The Monkhorst-Pack
scheme was applied to select the k points on a 8x8x8 mesh for the integration of the first
Brillouin zone in spin-polarized calculations of primitive unit cells [23]. The Coulomb
and exchange integral tolerance factors of 8, 8, 8, 8, and 16 were used in the calculations,
together with an extra large numerical integration grid. The energy convergence threshold
was set to 1078 a.u. for the Self-Consistent Field (SCF) of total energy and 10~ a.u. for the
optimization of lattice parameters and atomic positions. We stress the importance of select-
ing an appropriate hybrid-exchange-correlation functional for the approximate treatment
of electronic correlation effects in transition metal compounds [24]. It is well-known that
standard Generalized-Gradient Approximation (GGA) exchange-correlation functionals un-
derestimate the band gap and are unable to reproduce the correct electronic configuration,
together with the associated structural distortions in transition metal compounds [24,25].
Hybrid-exchange-correlation functionals effectively combine Hartree-Fock (HF) and DFT
approaches, which yield significantly better results and more accurate properties [24]. Wu
and Cohen proposed a non-empirical exchange-correlation functional with an improved
exchange part of the standard PBE density functional (denoted as WC functional) [26].
Bilc et al. [25] combined WC functional with hybrid Bl functional and a 0.16 mixing pa-
rameter for the exact exchange into BIWC hybrid-exchange-correlation functional. All
the calculations were spin-polarized while assuming high spin states for V*2 [3d3] and
V+3[3d?]. The effective atomic charges and magnetic moments were calculated from the
Mulliken population analysis.

3. Results and Discussion
3.1. Group Theoretical Approach to NASICON Structures

In the present study, we relied on crystallographic group theory and group-subgroup
relations in order to construct low symmetry structures of A;V,(PO,); as well as to de-
scribe changes in the electronic structure appearing upon symmetry reduction. It is worth
mentioning that such an approach is necessary, but not sufficient, to infer possible phase
transitions. We also did not attempt to find the lowest possible symmetry, but mostly
focused on the relationship between symmetry and total energy. The maximal subgroup
approach provided a list of maximal subgroups for R3¢, which included C2/¢, R32, R3,
R3c, and P3cl [27]. For simplicity, we limited ourselves to the monoclinic C2 SG and
chose one chain of transitions. In this way, we suggest that considering only C2 SG
is sufficient for discussing potential phase transitions to low symmetry phases in the
present system. Among the maximal subgroups of R3¢, there were only two SGs: R32
and C2/c, which were both leading to C2. Moreover, the group-maximal subgroup tree
(similar to the Barnighausen tree) contained only two simple chains from R3c to C2, i.e.,
R3c — C2/c — C2 and R3¢ — R32 — (2 [28]. Moreover, the analysis of isotropy
subgroups revealed that the R3¢ — R32 transition was determined by irreducible represen-
tation I';, whereas the R32 — C2 transition took place according to the primary irreducible
representation I'; (Figure 1). In this work, the chain through R32 was chosen and used in
the following procedure. At first, the system was relaxed in a high symmetry R3¢ super-
group; then, necessary symmetry operations were removed in order to relax the system
in a lower symmetry rhombohedral structure (subgroup R32); finally, the necessary sym-
metry operations were removed from a relaxed lower symmetry rhombohedral structure
(supergroup R32) in order to relax to the system in a low symmetry monoclinic structure
(subgroup C2).
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Figure 1. Graph of isotropy subgroups relating R3¢ and C2 [29].

3.2. Analysis of the Low Energy Structures

Having constructed structures with different symmetries, we proceeded to calculate
and rank their energies in order to identify the ones with the lowest energies. At this point,
it is worth noting that mixed OS cannot be obtained in a high symmetry R3c SG. R32 is the
highest possible symmetry where mixed OS can be obtained in A;V,(PO,);. In this case,
two vanadium Wyckoff positions, which were of the same symmetry in R3¢ SG, split under
symmetry reduction into two different Wyckoff 6¢ positions in the R32 SG.

The total energies of the structures with different SGs and OSs are compared with
respect to the lowest energy structure (ground state) in Table 1. The ground state configura-
tion for Li, V,(PO,); and Na,V,(PO,); adopted monoclinic symmetry with a C2 SG and
an averaged vanadium OS (V*2?). This was different from the case of K, Ti,(PO,);, which
adopted mixed OSs (V*2/V*3), with C2 as the lowest energy structure. This indicates
the importance of alkali metal on the structural and, as it is shown later, on the electronic
properties of such compounds [13]. The relative energy differences between the lowest and
higher energy structures were comparable for Li,V,(PO,); and Na,V,(PO,);. The struc-
tures in the R3¢ SG and the averaged V22 OS were 0.597 eV/cell and 0.595 eV /cell
higher in energy for Li,V,(PO,); and Na,V,(PO,);, respectively. The R32 structures and
mixed V12 /V1+3 OSs were 0.94 eV /cell and 0.825 eV /cell less favorable than the averaged
OS C2 ones for Liy V,(PO,); and Na, V,(POy);, respectively. Also, the R32 structure with the
averaged OS was the second lowest energy structure in both Na,V,(PO,); and Li, V,(PO,);.
The important finding here is that, identically to the previous results of Wang et al. [16]
using the SCAN+U approach, the BIWC hybrid functional also showed that Li,V,(PO,);
and Na,V,(PO,); structures with averaged OSs were lower in energy than those with a
mixed valence. The hypothetical phase transition from R3¢ to R32 would correspond to
the charge ordering transition within the mixed oxidation V*2/V*3 sublattice without any
accompanying AT -vacancy ordering due to full alkali metal sublattice occupancy.

In contrast to Na- and Li- based A,V,(PO,); NASICON structures, the C2 SG and
mixed V2/V T3 OS had the lowest energy in K,V,(PO,); (Table 1). This suggests that
symmetry reduction down to monoclinic symmetry was favorable in all three studied
systems. Moreover, the energy differences between different symmetry configurations
were a bit smaller in K, V,(PO,); than in the other two cases. K, V,(PO,); with the C2 SG
and averaged V22 OS was only 0.200 eV/cell, and with R3c, its averaged OS was only
0.153 eV/cell less stable than the ground state structure.

The results suggest that it is not only the overall symmetry reduction and the type
of vanadium OS that have an effect on the structure and stability of these compounds.
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The ionic size, and potentially the electronic structure of the ion at the alkali metal site, also
seem to play an important role.

Table 1. The structural properties of A, V,(PO,); as calculated with the BIWC hybrid functional. a,c
lattice parameters in the hexagonal setting, g effective atomic charge of vanadium from Mulliken
analysis, y magnetic moment of vanadium atoms, band gap value Eg, and total energy difference
with respect to the ground state structure are marked in bold. The results for Na,V,(PO,); and
Li,V,(PO,); with the mixed OS in the C2 SG are not shown, as the energy difference with the R32 SG
did not exceed 0.004 eV /cell and was insignificant. Analysis of free parameters in atomic positions is
also excluded.

o . AE;otleV
alA c/A qle plug EgleV /Z’Jetu
R3¢ / Average OS: V123
Li,V,(PO,), 8.96 19.58 +1.17 2.56 0 0.597
Na,V,(PO,); 897 21.15 +1.19 2.57 0 0.595
K,V,(PO,), 9.20 22.33 +1.21 2.55 0.35 0.224
R32 / Average OS: V125
Li, V,(PO,), 8.97 19.49 V*+25 4118 V+25253 0 0.352
V254117 V23256
Na,V,(PO,); 897 21.17 V+254120 V25253 0.41 0.141
V254120 V25253
K,V,(PO,), 9.20 22.33 V254121 VF25255 0.35 0.224
V254121 V25255
R32 / Mixed OS: V12/v+3
Li,V,(PO,), 8.97 19.58 V24110 V+22.99 0 0.940
V4120 vi2al
Na,V,(POy); 898 21.15 V24114 V*23.00 0 0.825
V34118 viiaal
K,V,(PO,), 9.22 22.38 V24115 V*+23.00 0.55 0.153
vt +123 V204
C2 / Average OS: V22
Li,V,(POy);  8.96 19.60 +1.18 2.55 0.20 0
b=9.96
Na,V,(PO,);  8.96 21.18 +1.19 2.55 0.13 0
b=9.97
K,V,(PO,), 9.24 22.31 +1.20 2.56 0.17 0.200
b=9.20

C2 / Mixed OS: V*+2/v+3

K,V,(PO,); 9.21 22.34 V24115 V*23.00 0.76 0
vtii122 V3207

3.3. Electronic Structure Analysis

The electronic structure and properties of the A;V,(PO,); system are the main focus
of the present study. Table 1 summarizes the calculated Mulliken effective atomic charges
(9) and magnetic moments (¢) for vanadium ions in all studied structures. As expected,
the charge values were correlated with the formal OS. There was also a clear correlation
between the V charge in structures with different alkali metals: Li compounds always
showed lower charges, followed by Na, and then by K. Na,V,(PO,); and Li,V,(PO,);
systems adopted averaged OSs and C2 SGs in the ground state and showed small band gaps
of 0.13 eV and 0.20 eV, respectively (Table 1). K, V,(PO,); in the ground state, identically
to Na,Ti,(PO,); [13], adopted a mixed OS but featured an C2 SG with a band gap of
0.76 eV. The most interesting feature of this study is that any studied symmetry increase
in Li,V,(PO,); either to the SG R32 or R3¢ showed a closing of the band gap. However,
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Na,V,(PO,); demonstrated the presence of a non-zero band gap for the averaged OS in the
R32 SG and a zero band gap for averaged OS in the R3¢ SG. In contrast to Na, V,(PO,); and
LiyV,(POy);, K V5 (PO,); had a finite band gap in all studied symmetry configurations and
vanadium OSs (Table 1). Hereafter, we refer to systems with zero band gaps as metallic.

The calculated DOSs for the A,V,(PO,); systems are presented in Figure 2. In the
following, we only compared the following cases, namely, those with high symmetry R3¢
SGs and averaged V2 OSs, mixed V*2/V+3 OSs in an R32 SG (Figure 2), and averaged
OSs in a monoclinic C2 SG. One can see that bands close to the Fermi level in all A, V,(PO,);
systems were formed by V 3d-states. Crystal Orbital Overlap Population (COOP) analysis
was also performed in order to analyze the bonding character of these states. Identically
to our previous results on Na, VTi(PO,);, COOP analysis showed the states close to the
Fermi level to have mostly anti-bonding character in all studied A,V,(PO,); systems as
well [30]. The band gap, if present, was of a d-d character and appeared due to a separate
band formed by empty V 3d-states in the spin-up channel (Figure 2, top-left).

This band shifted to lower energies and crossed the Fermi level in Li,V,(PO,); and
Na,V,(PO,); for the mixed vanadium OSs in the high symmetry R32 structures (Figure 2,
top-right). In contrast, the separate empty band remained in K, V,(PO,); which showed
a finite band gap remaining in all configurations such as the averaged OS C2 (0.17 eV),
mixed OS R32 (0.55 eV), and averaged OS R3¢ (0.35 eV). Notice that the DOS for the ground
state of K,V,(PO,); with the mixed OS in the C2 SG is not shown. We found its DOS to be
identical to the one of the R32 SG.

In Figure 2, one can see that, in the case of a mixed OS K, V,(PO,); system, the empty
conduction band was formed by V*2 states right above the Fermi energy at 0.55 eV. In
contrast, neither Li,V,(PO,);) nor Na,V,(PO,);) demonstrated the presence of a separate
empty band above the Fermi energy and remained metallic in the mixed OS configurations.
However, the reduction of symmetry down to the monoclinic C2 structure led to the
appearance of an empty band, as well as the formation of a small gap in the latter two
systems. Although the closing of band gap and the appearance of a metallic state are
commonly attributed to a stronger delocalization of 3d electrons, our results showed it was
only partially valid in these compounds. Our results also showed that Li- and Na-based
systems showed almost identical electronic structures in Figure 2. Neither the ionic size
nor the electronic configuration such as the presence of p-electrons seemed to have any
significant effect on the band structure or the appearance of metallicity in Li,V,(PO,);
and Na,V,(POy);. Only the introduction of larger K ions destroyed the metallic state in
A V,(PO,); and resulted in marked structural changes.

The calculated DOSs could at least partially explain why the average OS was preferred
over the mixed OS in Na,V,(PO,); and Li,V,(PO,);. It is due to occupied V'3 states
intermixing with occupied V*?2 states in the energy range between —1 eV and the Fermi
energy, which is energetically preferred (Figure 2 (top right)). Even though Na,V,(PO,);
demonstrates the non-zero band gap for the averaged OS in the R32 SG, the intermixing
of states is still an important property. On the contrary, K,V,(PO,); did not demon-
strate the same intermixing because occupied V*2 and V'3 bands were well separated
in this structure.

Another interesting observation of this work was the analysis of a parent Na;V,(PO,);
composition. The typical structure has all M1 (1/4 of total) sodium sites occupied, and these
sodium atoms are not (electro)chemically exchangeable. The remaining 2/4 of Na atoms are
distributed over 3 M2 sites, with some ordering observed at low temperatures [12,15]. In
this work, we constructed a hypothetical thombohedral Na,V,(PO,); with an R3¢ SG. For
this, we used pure symmetry considerations by removing Na atoms from M1 site (Wyckoff
position 6b) in Na,V,(PO,);. In this way, rhombohedral symmetry was maintained, and
all M2 positions were fully occupied. The DOS analysis in Figure 3 (top) shows that
this particular configuration of Na;V,(PO,); with high R3¢ symmetry and an averaged
V125 OS was also metallic. Moreover, its band electronic structure was almost identical to
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that of Na, V,(PO,); in the same symmetry and OS structure. These results indicate that
the full occupancy of M2 sites in Na3V,(PO,); tends to close the band gap.

C2 averaged OS Black: total Red: O 2p Blue: V*2° R32 mixed OS Black: total Red: O 2p Blue: V*2 Magenta: V**
6 4 2 0 2 4 6 6 4 2 0 2 4 6
Na,V,(PO,), |[Eg=0.13eV a) | |
900- | 900 1000 1000
0 -0 0 -0
-900 L-900
-1000 - L1000
(2]
= 1000 - -1000
£ 900+ c
c =}
=} .
£ 0 £ o Lo
s g
@ %)
-900+ o
8 & -1000 L1000
Eg=0.17 eV ¢) 1500 KVy(PO,);  |Eq=055eV ¢) - 1500
1000 1000 l
N o 0 A 1 - AVV - A1,
1000 L1000
-1500 - -1500
T T T + T T T T
6 4 2 0 2 4 6 6 4 2 0 2 4 6
Energy / eV Energy / eV
R-3c averaged OS Black: total Red: O 2p Blue: V25 3d

I -4 2 0 2 4 6

1500 -W\Aﬁl:i4V2(P04)3 Eg=0eV b) F1500
OW Al .
-1500 WV L1500

1500 4 K,V,(PO,), Eg=035eV C) |- 1500

w "

-1500 +-1500

DOS / arb. units

Energy / eV

Figure 2. Total and atom projected DOS for (top left) C2 averaged V*2> OS, (top right) R32
mixed V*2/V*3 OS, and (bottom) R3c averaged V25 OS in (a) Na,V,(PO,),, (b) Li,V,(PO,)s,
and (c) K;V,(PO,);. Positive and negative DOS values denote the spin-up and spin-down states,
respectively. Fermi energy is taken as 0.

The structure of the most important bands close to the Fermi energy could be also
analyzed in terms of DOS projections on the symmetry-allowed irreducible representations
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(Figure 3 (bottom)). In accordance with the local V site symmetry with point group
Cs in both R32 and R3c SGs of A,V,(PO,),, the 3d orbitals split into a non-degenerate
A(d,2) orbital in R3¢ ( Aq(d,2) orbital in R32) and two two-fold degenerate E(dy, d;.) and
E(d,» 2 dyy) orbitals. The A and E orbitals form separate bands which is reflected in the

calculated DOS.

R-3c averaged OS Black: total Red: O 2p Blue: V 3d

-6 -4 -2 0 2 4 6
15004 NasVa(POy)s a) |1s00
0 -
B2
c
= 1500 -
2
C 1000
» Na,V,(PO,), b)
@] & - 1000
[a)]
0
Lo
-1000 L -1000
6 :1 -I2 0 é zll 6
Energy / eV
-2 0 2 6
1 a)
250 4 R-3c averaged OS Na,V,(PO,){ 250

Black: A (d,?)

V*2 E

2 Red: E (d2 dy)

S o504 Blue: E (d,;, d,,) | 250

e

[v]

8 V2 A, | R32 mixed OS K,V,(PO,); b)

o 500 4 3 A, -30
v E v E

--30
Black: A (d,?)
Red: E (d,2., d,) --60
-500 Blue: E (d,,, d,,) vt E
' V2 E L-90
-2 0 2 4 6
Energy / eV

Figure 3. (top) Total and atom projected DOS for (a) Na,V,(PO,); and (b) Na3V,(PO,); with the
averaged OS in the R3¢ SG. (bottom) Orbital DOS projections based on the symmetry-allowed
irreducible representations for (a) Na, V,(PO,); with averaged OS and R3¢ SG, and (b) K, V,(PO,),
with mixed OS and R32 SG. The Fermi energy is taken as 0. Dashed lines represent +2 states only.
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For Na,V,(PO,); in the R3¢ SG, the two two-fold degenerate E orbitals comprise the
band at the Fermi energy, and the empty states just above it (metallic state). Obviously,
the occupation of E orbitals is possible not only due to symmetry properties but also due
to delocalization effects as discussed above. As vanadium is octahedrally coordinated by
oxygens in [VOg], the second band comprises only the non-degenerate A-orbital, which
most likely interacts with the O 2p. orbital (Figure 3). In the high symmetry R3¢ SG
structure, the two-fold degenerate E orbitals interact with O 2p, and 2p, orbitals. Moreover,
the bottom of the conduction band mostly comprises two two-fold degenerate E orbitals.

The structure of the orbital-projected DOS was quite different in the case of K, V,(PO,);
with the mixed OS in the R32 SG. Only two important features are common for the av-
erage OS R3¢ of Na,V,(PO,); and K, V,(PO,): (i) in accordance with the rhombohedral
symmetry, the two degenerate E orbitals are intermixed, and (ii) for the same symmetry
reasons, the degenerate and non-degenerate orbitals are clearly separated. Obviously,
some additional bands appear due to the separation of V*2 and V*3 3d electrons in the
mixed OS, thereby doubling the number of electronic bands. In the mixed OS K, V,(PO,);
case, it is mostly the non-degenerate A; orbitals contributing to the top of the valence
band. Moreover, this separation between the A orbitals of V2 and V3 states leads to the
opening of a 0.55 eV band gap in the R32 SG case (Figure 3). The occupied and unoccupied
degenerate V13 state E orbitals lay at ~—1.8 eV and at 2.3-3.9 eV from the Fermi level,
respectively. In contrast, the degenerate V*?2 state E orbitals are unoccupied and lay above
4 eV from the Fermi level.

4. Conclusions

1. NASICON-structured Liy V,(PO,); and Na, V,(PO,); with fully occupied alkali metal
sites adopt monoclinic structures with C2 SGs and averaged vanadium OS V*+25 in
the ground state. On the other hand, K, V,(PO,); adopted a monoclinic structure with
a C2 SG, which was stabilized by the mixed vanadium oxidation state V+2/v+3in
the ground state.

2. LiyV,(PO,); and Na,V,(PO,); possesed small band gaps of 0.13 eV and 0.20 eV
in the ground state, respectively. However, monoclinic to rhombohedral symme-
try increases closed the band gap and demonstrated the possibility of a metallic
state in both the V2 averaged (in the R3¢ SG for Na,V,(PO,); and the R3c and
R32 SGs for Li,V,(PO,);) and V2/V+3 mixed vanadium oxidation states. In con-
trast, K, V,(PO,); retained a small band gap in all studied structures with different
symmetries and vanadium OSs.

3. The band gap in these structures was of a d-d character, independent of the symmetry
or vanadium oxidation state. In the case of mixed vanadium oxidation, it was due to
an empty band formed by the V*3 states.

4.  The special configuration of high R3¢ symmetry Na,V,(PO,); with Na atoms removed
from all M1 sites but completely occupied M2 sites as in initial Na,V,(PO,); also
showed the appearance of a metallic state.

5. The orbital-projected DOS analysis for a rhombohedral symmetry shows that, in an
averaged oxidation state for Na,V,(PO,);, the band around the Fermi level is mostly
comprised of two-fold degenerate E orbitals, whereas, in the mixed OS, it is mostly
the non-degenerate A; orbitals contributing to the top of the valence band. Moreover,
the separation between the A; orbitals of V2 and V3 states led to the opening of a
band gap.

6.  These results might contribute to a fundamental understanding of the crystal and
electronic structure, as well as provide valuable guidance for researchers performing
experimental investigations on this important class of materials.
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