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Intertwined crystal structure and electrical properties in layered battery
materials A,Ni,TeO4 (A = Na/Li)
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We report temperature evolution of the crystal structure and electrical properties, and their interconnection
in the promising two-dimensional (2D) layered battery materials A;Ni,TeOg (A = Na/Li) by comprehensive
neutron diffraction, Raman spectroscopy, and impedance spectroscopy studies. In this paper, we reveal that
the crystal structures of Na- and Li-based compounds, with space group P6;/mcm and Cmca, respectively,
have identical global crystal structures with alternating (Ni/Te)O¢ and alkali metal layers but with different
internal structures of the alkali metal layers. Our soft bond valence sum analysis of the neutron diffraction
patterns illustrates 2D conduction pathways within the ab planes for both compounds. Despite the Li ion
having smaller size and lighter weight than that of the Na ion, our results reveal that the Na compound has
higher ionic conductivity than the Li compound. By detailed crystal structural analysis, we divulge that the
differences in the internal structures of the alkali metal ion layers, such as distance between the alkali metal
ions, local crystal structural environment, and the relative site occupancies of the alkali metal ions, result in
differences in the ionic conductivity. Additionally, in this paper, we demonstrate a correlation between crystal
structure and electrical properties, where anomalies are found for both temperature-dependent electrical and local
crystal structural parameters at ~475-575 K and ~200-300 K for Na- and Li-based compounds, respectively.
In this comprehensive paper, we thus facilitate the understanding of the microscopic crystal structure, electrical
properties, and their intercorrelations which are essential for the design and fabrication of highly efficient layered

battery materials.
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I. INTRODUCTION

A transition from fossil fuels to environmentally friendly
clean energy sources has made renewable energy one of the
most important technologies in recent years [1]. Energy stor-
age devices in the form of high-density rechargeable batteries
are promising technologies for renewable energies [2,3]. Li-
and Na-ion rechargeable batteries have been considered po-
tential energy storage devices for small portable electronics
(viz., mobile phones, laptops, or digital cameras) to large-
scale grid energy storage devices. In this context, layered
transition metal oxide compounds with intermediate layers
of alkali ions (Li/Na) are important, as they show high ionic
conductivity, high energy density, low dissipation energy, and
improved alkali ion intercalation/deintercalation functionality
due to lamellar structure [4—10].

A suitable electrode material should have high ionic con-
ductivity with low dielectric loss for the transport of charge
carriers as well as good electric conductivity to keep local
charge neutrality. Therefore, the most fascinating task is to
design adequate stable crystal structures that can contribute
to a good electrical response with high dielectric constants
while minimizing dielectric loss. Recently, the compounds
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ArM,TeOg (where A = Li, Na, and K, and M = Co, Ni, Zn,
Mg, and Fe) have been reported to show high ionic conduc-
tivity that is suitable for battery applications [11,12]. Among
these, the Ni-based compounds with Na and Li ions, i.e.,
Na,;Ni; TeOg (NNTO) and Li;Niy TeOg (LNTO), exhibit high
ionic conductivity, demanding to be potential candidates for
battery applications [11]. Since the electrical properties of
the battery materials are mostly governed by the underlying
crystal structure and their stability, a detailed investigation
of the microscopic crystal structural and electrical properties
of A;Ni,TeOg (A = Na/Li) is required. In this paper, two
isoformula compounds have been considered, where the struc-
tures of the magnetic layers are identical in both compounds,
whereas the internal crystal structures of the alkali metal lay-
ers are different (Fig. 1). In NNTO, Na ions are distributed
over three crystallographic sites, i.e., Nal, Na2, and Na3, with
partial site occupancies. Na ions form NaOg trigonal prismatic
coordination. On the other hand, LNTO has a single Li-ion
site with LiO4 tetrahedral coordination. The main motivation
of this paper is to understand the role of the local crystal
structure on the ionic conduction properties of the layered
battery materials A,Ni;TeOg in general. By detailed crystal
structural studies, employing neutron diffraction and Raman
spectroscopy, we aim to bring out the underlying physics for
differences in the conductivity with varying A ions.

In the recent past, the compound NNTO has been studied
extensively for both battery as well as fundamental magnetic

©2023 American Physical Society
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Crystal Structure of NNTO
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FIG. 1. Rietveld-analyzed room-temperature (a) x-ray and (b) neutron diffraction patterns, and (c) schematic of the layered crystal structure
of NNTO. (d) X-ray and (e) neutron diffraction patterns, and (f) schematic of the layered crystal structure of LNTO. Experimental and
calculated patterns are shown by the solid black circles and solid red lines, respectively. Blue lines at the bottom of each panel represent the
difference between the experimental and calculated patterns. Vertical green bars denote the allowed Bragg peak positions.

properties [12-22]. The compound NNTO is reported to be a
stable cathode material for a Na-ion battery [22]. The crys-
tal structural stability during the intercalation/deintercalation
processes is ensured by a rearrangement of Na ions among
the three crystallographic sites. Such redistributions of Na
ions prevent the crystal structure from collapsing during
the intercalation/deintercalation processes [22]. The interca-
lation/deintercalation mechanism in NNTO is based mainly
on the Ni-redox reaction [22] with a minor contribution from
the oxygen reduction process.

A high ionic conductivity ~10' Sm~! at 573 K, which is
higher than several other Na-based honeycomb layered oxide

battery materials, is reported for NNTO [11]. For the ionic
conduction, the closely packed honeycomb layers restrict the
motion of the Na™ ions along the ¢ axis. The intermediate
Na layers have chiral nuclear density distribution of Na ions.
The chiral distribution of Na ions forms a closed loop, and
it results in high ionic conductivity [15]. A similar type of
Na-ion diffusion path has been reported for the Nag;CoO;
compound [23,24]. In a molecular dynamics (MD) simulation
[19], it was reported that the conduction of Na ions also
depends on the concentration of Na ions as well as their
relative distributions among the three crystallographic sites.
The MD simulation also revealed that the hexagonal crystal
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structure of the compound NNTO remains stable over the
temperature range of 300-800 K [25]. In a recent temperature-
dependent neutron diffraction study and bond valence sum
(BVS) analysis of diffraction patterns, our group reported
that the conduction in NNTO is governed by the site-specific
Na-ion conduction pathways in the two-dimensional (2D) ab
plane [13]. The conduction of the Na ions occurs through the
Nal (6g) and Na2 (4c) sites up to ~500 K. Above ~500K,
the Na-ion conduction occurs through all three Na ion sites
Nal, Na2, and Na3 (2a). However, its crystal structure of
hexagonal phase in the P63/mcm space group remains stable
up to 723 K [13]. Therefore, the observed different behavior
in the ionic conduction pathways at ~500 K is expected to be
governed by some changes in the local crystal structure. This
motivates us to investigate the temperature evolution of the
local crystal structural parameters, viz., bond lengths, bond
angles, polyhedral distortions, and the distance between the
Na™ ions across this temperature (500 K). To further under-
stand such electrostructural correlations, a comparative study
on a similar compound is also essential; hence, two isoformula
compounds NNTO and LNTO have been studied in this paper.

The compound LNTO has been studied mostly for its
structural and electrochemical properties [11,26-29]. LNTO
shows different crystal structural phases depending on the
synthesis conditions, i.e., the layered phase (orthorhombic
space group Cmca) in an ion-exchange reaction method and
a disordered phase (orthorhombic space group Fddd) in the
solid-state reaction method. Since our interest is on the lay-
ered compound, we have considered the layered LNTO with
space group Cmca in this paper. For the electrochemical
properties of LNTO, a recent report based on the density
functional theory (DFT) calculations and experimental stud-
ies revealed a crystal structural phase transition during the
deintercalation/intercalation of the Li* ions [27]. During in-
tercalation/deintercalation process, the shifting of honeycomb
layers leads to the structural phase transition. Here, the single
crystallographic site for the Li ion could not prevent the crys-
tal structural phase transition. Nevertheless, like NNTO, the
intercalation/deintercalation process involves a redox reaction
of Niions in LNTO as well. The layered LNTO exhibits a high
ionic conductivity ~1072 Sm~! at 573 K, which is the high-
est among several other Li-based honeycomb layered oxides
[11], however, smaller than that reported for the isoformula
compound NNTO, having heavier and larger Na ions. This
also motivates us to further investigate the origin of such
discrepancies in the ionic conduction. Despite having high
ionic conductivity, the temperature evolution of the crystal
structure and its stability are unknown for these potential
battery materials NNTO and LNTO.

In this paper, we have investigated the detailed temperature
evolution of the crystal structures of the compounds NNTO
and LNTO by comprehensive neutron diffraction and Raman
spectroscopy measurements. The temperature-dependent lo-
cal crystal structural parameters in terms of bond lengths and
bond angles as well as polyhedral distortions associated with
both compounds are derived. Detailed temperature-dependent
electrical properties in terms of dc and ac conduction, dielec-
tric constants, and electric modulus have been investigated
by impedance spectroscopy. The role of the crystal structure
on the electrical properties has been established for both

compounds. The nature of conduction pathways has been
demonstrated for LNTO by soft BVS analysis of experimental
neutron diffraction patterns and compared with that reported
for NNTO. The results yield a detailed understanding of the
electrostructural correlation of the high ionic conductive bat-
tery materials A;Ni,TeOg (A = Na/Li). This understanding
will be useful for the design of the battery material and/or
tuning their properties for suitable applications.

II. MATERIALS AND METHODS

Polycrystalline samples of NNTO were synthesized by
the solid-state reaction method as reported in Ref. [13]. The
polycrystalline samples of LNTO were obtained by an ion-
exchange reaction method from NNTO. Here, LiNO3 and the
as-prepared NNTO (with weight ratio of 10:1) were mixed
thoroughly and heated at 573 K for a period of 4 h for the
ion-exchange reaction. The sample was then allowed to cool
down to ambient temperature and washed with deionized wa-
ter to dissolve residuals of LiNO3; and NaNOs. Finally, the
ion-exchanged LNTO yield was filtered from the solution.
The completion of the exchange reaction was confirmed by x-
ray diffraction where no residue of the peaks from the NNTO
phase is found. Both Na- and Li-based samples are not air
sensitive.

The crystal structural properties of NNTO and LNTO were
investigated by using a laboratory source (Cu-Ko radiation)-
based x-ray diffractometer in Bragg Brentano geometry and
the powder neutron diffractometers PD-I (A = 1.094 A) and
PD-II (A = 1.2443 A) at Dhruva Research Reactor, Bhabha
Atomic Research Centre, Mumbai, India. Temperature-
dependent powder neutron diffraction measurements were
carried out over 300-725 K for NNTO and over 5-300 K for
LNTO. For the high-temperature neutron diffraction measure-
ments on NNTO, a furnace was used. In this case, the powder
samples were filled inside a quartz tube, which was then
placed inside a vanadium can. The vanadium can was then
attached to the sample stick of the furnace. The contribution
from the sample environment (quartz tube, vanadium can, and
the furnace) was estimated separately by an empty sample
can measurement. The low-temperature neutron diffraction
measurements on LNTO were carried out using a He4-based
closed cycle refrigerator (CCR). In this case, each powder
sample was filled directly in a cylindrical shaped vanadium
container, and then the container was attached to the cold head
of the CCR. The measured diffraction patterns were analyzed
by using the Rietveld refinement technique by employing
the FULLPROF computer program [30]. The ionic conduction
pathways of LNTO were determined by the soft BVS analysis
using the BondSTR program [31] available in the FULLPROF
suite. The isosurfaces of the conduction pathways were plot-
ted by using VESTA software [32].

The Raman spectra at various temperatures were recorded
using a micro-Raman spectrometer (LabRAM HR800) with
a temperature stage (Linkam THMS600). A 532 nm laser
source of power 1| mW was used. The scattered light was
resolved using 1800 lines/mm grating which gives a spectral
coverage better than 0.5 cm™! /pixel. The Raman spectra were
analyzed by using Lorentzian peak functions.

085001-3



SAHA, BERA, KESARI, AND YUSUF

PHYSICAL REVIEW MATERIALS 7, 085001 (2023)

Impedance spectroscopy measurements were performed on
the disc-shaped pellets (having 10 mm diameters and thick-
nesses of 0.6 and 1.928 mm for NNTO and LNTO, respec-
tively) using a commercial impedance analyzer PSM1735-
NumetriQ (make: Newtons4th Ltd., UK) over the frequency
(v) range of 1-107 Hz with an ac electric field amplitude of
0.2 V. The impedance spectra were recorded in the heating
cycle over a temperature range of 98-623 K. A silver paste
was uniformly coated on the flat sides of the pellets and dried
before the recording of the impedance spectra.

III. RESULTS
A. Crystal structure at room temperature

The room temperature crystal structures of NNTO and
LNTO have been investigated by combined analysis of x-ray
and neutron diffraction patterns (Fig. 1). Here, NNTO crystal-
lizes into a centrosymmetric hexagonal space group P63 /mcm
(No. 193), having lattice parameters a = b = 5.209(3) A and
c=11.15509) A. On the other hand, LNTO crystallizes into
an orthorhombic structure with space group Cmca (No. 64)
having lattice parameters a = 9.025(5)A, b=5.171(3) A,
and ¢ = 10.207(9) A. The crystal structural parameters for
both compounds NNTO and LNTO, obtained from the Ri-
etveld refinement of the neutron diffraction patterns, have
been tabulated in Tables S1 and S2 in the Supplemental Mate-
rial [33], respectively. The global crystal structures for NNTO
and LNTO are the same, where both crystal structures consist
of alternating layers of (Ni/Te)O¢ and Na/Li ions along the
¢ axis. Moreover, within the (Ni/Te)Og¢ layers, the Ni2* ions
form a magnetic honeycomb lattice with the nonmagnetic
TeS* jons at the centers of the hexagons for both compounds.
However, there are several differences in their local crystal
structure. In the case of NNTO, the NiOg and TeOg octahedra
consist of six equal bond lengths of Ni—O [2.077(3)A] and
Te—O [=1.942(4) A], respectively (Fig. 1). However, in the
case of LNTO, the Ni-O and Te-O bond lengths consist of
three [2.032(3), 2.069(5), and 2.079(4) A] and two [1.905(4),
2.457(4) A] sets of unequal bond lengths (all values are in
300 K), respectively. Additionally, for NNTO, NiOg and TeOg
octahedra contain four and three sets of unequal bond angles,
respectively, whereas for LNTO, NiOg and TeOg octahedra
contain seven and five sets of unequal bond angles, respec-
tively (shown in the next section). The unequal bond angles
(O-Ni-0)/(O-Te-0O) within the NiOg and TeOg octahedra for
both compounds lead to the octahedral distortions for both
compounds NNTO and LNTO (discussed later in detail). Now
we move to the alkali metal layer. In NNTO, Na ions are
distributed over three Wyckoff positions: Nal(6g), Na2 (4c¢),
and Na3 (2a), respectively, with partial site occupancies. The
Na ions are located at trigonal prismatic coordination of oxy-
gen atoms. All Na sites form three undistorted NaOg trigonal
prisms of different bond lengths and bond angles. On the
other hand, in contrast to NNTO with three Na sites, LNTO
has a single Li-ion site (8¢ Wyckoff position). The internal
structure of the Li-ion layer consisting of LiO4 tetrahedra is
different from that of the NNTO having NaQOg trigonal pris-
matic coordination. This is because smaller Li* ions are less
favorable to occupy the trigonal prismatic sites [29,34]. The
LiOy tetrahedra are distorted and consist of two unequal Li-O

bond lengths and two unequal O-Li-O bond angles. Therefore,
the differences in the local crystal structural environments of
alkali metals in NNTO and LNTO are expected to provide
different electrical properties.

B. Temperature evolution of crystal structure

Neutron diffraction and Raman spectroscopy are the
most effective techniques for studying the changes in local
crystal structure, specifically oxygen octahedra and their ar-
rangements [35,36]. Temperature evolutions of the crystal
structures for the compounds NNTO and LNTO have been di-
vulged through the combined study of neutron diffraction and
Raman spectroscopy. For better comparison, the temperature-
dependent neutron diffraction patterns (Fig. 2) and lattice
parameters, bond lengths and bond angles (Figs. 3 and 4),
Raman spectra (Fig. 5), and Raman shifts (Fig. 6) are plotted
together for both Na- and Li-based compounds. Below, we
discuss the temperature evolution of the crystal structures for
the NNTO and LNTO one after the other.

1. Temperature evolution of crystal structure of NNTO

a. Neutron diffraction. The temperature dependence of neu-
tron diffraction patterns for NNTO is shown in Fig. 2(a). All
diffraction peaks could be indexed by space group P63 /mcm
(No. 193) over the whole temperature region 300-725 K. The
above observations indicate that the crystal structural symme-
try remains invariant over the entire measurement temperature
range up to 725 K. This agrees with the reported results of MD
simulations, which revealed that the hexagonal crystal struc-
ture of NNTO remains stable over the temperature range of
300-800 K [25]. The detailed analysis of neutron diffraction
patterns by the Rietveld method reveals anomalies in bond
lengths and bond angles over ~475-575 K (Fig. 3): (i) sharp
increase of all Na-O [Fig. 3(a)] and TeOg [Fig. 3(h)] bond
lengths, but a sharp decrease of the Ni-O [Fig. 3(d)] bond
length; (ii) sharp rise of the diagonal bond angles of NiOg
octahedra toward 180 ° [Fig. 3(c)]; and (iii) decrease in the
differences between three unequal O-Na-O bond angle values
within the NaOg trigonal prism [Fig. 3(e)] and two in-plane
0O-Ni-O bond angle values of NiOg [Fig. 3(b)], but an increase
in the difference between two in-plane O-Te-O bond angle
values [Fig. 3(f)].

b. Raman spectroscopy. The peaks in the Raman scat-
tering spectrum correspond to the resonance frequencies of
vibrational modes in the material and can be described by
® = \/(k/m), where k is the bond strength, and m is the
reduced mass. The Raman mode frequencies are, therefore,
strongly sensitive to any change in bond length and bond
angle. Hence, Raman spectroscopy has been applied here to
further probe the local crystal structural anomalies (without a
phase transition).

Figure 5(a) shows the Raman spectrum of NNTO at 298 K,
which contains 17 modes, and the spectrum matches well
with the reported Raman spectra measured at room temper-
ature [28]. As per the group theoretical calculations, a total
number of 17 Raman modes are expected for NNTO with
space group P63/mcm. Following the earlier report [28], the
contributions of NaOg in the Raman spectrum appear at a
lower frequency region of < 350 cm~!. On the other hand, the
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Temperature evolution of crystal structure in NNTO
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FIG. 2. Temperature dependent (a) Rietveld-analyzed neutron diffraction patterns, (b) lattice parameters, and (c) unit cell volume of NNTO
over 300-725 K. Temperature-dependent (d) neutron diffraction patterns, (e) lattice constants, and (f) unit cell volume of LNTO over 5-300 K.

contributions of (Ni/Te)Og appear > 350 cm™! in the Raman
spectrum. The detailed assignments of the peak frequencies to
the vibration modes are taken from the literature and given in
Table S3 in the Supplemental Material [33]. The temperature
evolution of the Raman spectra is shown in Fig. 5(c). In
agreement with the neutron diffraction results, the tempera-
ture evolution of the Raman spectra also reveals anomalies
in the resonance frequencies at ~550-575 K, confirming the

local crystal structural anomalies. With increasing tempera-
ture from room temperature (298 K), all Raman modes show
softening (i.e., decreasing in frequency) up to ~550 K. Above
~575K, all weak Raman modes in the low-frequency side
become broad. In the high-frequency region, the group of five
intense peaks gradually merge with each other, which leads to
a single broad peak over the frequency range of 630—-700 cm™!
> 575K.
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The variation of all Raman mode frequencies (determined
by fitting each of the peaks of the vibrational modes in the Ra-
man spectra with an individual Lorentzian peak function) as
a function of temperature is shown in Fig. 6(a). All mode fre-
quencies decrease linearly with the increase of temperature up
to ~550 K and then show sharp anomalies over ~550-575 K.
Additional Raman spectra were recorded in the interesting
temperature range over 498-618 K with smaller tempera-
ture steps (Fig. S1 in the Supplemental Material [33]) to
study the anomalies in details. The detailed temperature vari-
ations of the selected Raman mode frequencies are shown in
Figs. 6(b)-6(g) over 450-620 K. All modes reveal anomalies

at ~550-575 K. Moreover, the other nonassigned vibrational
modes also reveal anomalies at ~550-575K (top panel of
Fig. S2 in the Supplemental Material [33]). The temperature-
dependent slope of Raman mode frequencies in the range
298-550 K are given in Table S3 in the Supplemental Material
[33].

The results obtained from Raman spectroscopy
[Figs. 6(b)-6(g)] are consistent with that observed in the
neutron diffraction study (Fig. 3). The increase of Na-O bond
lengths (as found in the neutron diffraction study) cause a
decrease in the bond strength (k). As a result, the softening
of the Na-O stretching mode at 263 cm™" (shift toward the
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lower-frequency region) occurs. Similarly, the increase of the
Te-O bond length leads to the softening of TeOg stretching
modes at 377, 602, and 678cm™'. On the other hand, the
decrease of Ni-O bond lengths causes an increase in the bond
strength (k) and, hence, a hardening of the NiOg stretching
mode at 640 cm~!. Similarly, the bending modes (Fig. 6) are
also in line with the results obtained from neutron diffraction
(Fig. 3). The above correlations show excellent agreement
between results obtained from neutron diffraction and Raman
spectroscopy and confirm local crystal structural anomalies
in terms of change in bond lengths and bond angles, keeping
the global symmetry unchanged.

2. Temperature evolution of crystal structure of LNTO

a. Neutron diffraction. The temperature-dependent neutron
diffraction patterns and the variation of the lattice constants
are shown in Fig. 2(d). All diffraction peaks could be indexed
by the orthorhombic Cmca (No. 64) space group over the
entire temperature range of 5-300 K, revealing no crystal
structural phase transition [Fig. 2(d)]. Small variations in the
lattice constants (~0.22%, ~0.09%, and ~0.29% along the a,
b, and c axes, respectively) and unit cell volume (~ 0.5%)
are observed [Figs. 2(e) and 2(f)] over 5-300 K. Figure 4
depicts the temperature evolution of the bond lengths and
bond angles which indicate anomalies over ~200-300 K. The
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FIG. 5. Raman spectra measured at room temperature for (a) NNTO and (b) LNTO samples. Inset shows the fitting of individual Raman
modes using Lorentzian line shapes. (c) and (d) Raman spectra as a function of temperature over (c) 298—-673 K for NNTO and (d) 77-873 K
for LNTO. For clarity, the low-frequency region (the left column) is zoomed 5 times. Red dashed lines in (d) are fitted Raman spectra at 77 K,

revealing three peaks at 655.4, 674.4, and 700 cm~".

noticeable changes are (i) anomalies in the Li-O [Fig. 4(a)],
Ni-O [Fig. 4(h)], and Te-O [Fig. 4(d)] bond lengths as well as
O-Li-O [Fig. 4(e)] and O-Ni-O [Fig. 4(f)] bond angles and (ii)
reduction in the differences between two in-plane bond angles
(O-Te-0) [Fig. 4(b)] as well as two out-of-plane bond angles
(O-Te-O) [Fig. 4(b)].

b. Raman spectroscopy. The Raman scattering spectrum
of LNTO at room temperature (298 K) contains 10 peaks
corresponding to different vibrational modes [Fig. 5(b)] which
matches with the reported spectrum [28]. The observed 10
modes are much lower than the theoretically expected 30
modes (as expected for the orthorhombic Cmca structure of
LNTO) which may be due to either accidental degeneracy
of phonon frequencies or weak undetectable intensity of a
few modes because of weak polarizability due to weak dipole
moments [37]. Following the assignments given in the earlier
report [28] and like NNTO, the contributions from TeOg and
NiOg appear at a higher frequency range (>350cm™") in the
Raman spectrum, whereas the contribution from LiO,4 appears
in the low frequency range (<350cm™!) in the Raman spec-
trum. The assignments of the modes are tabulated in Table S4
in the Supplemental Material [33]. The Raman scattering
spectra of LNTO as a function of temperature, recorded over
77-873 K in the heating cycle, are shown in Fig. 5(d). At
the lowest measured temperature of 77 K, the vibrational
mode at 517 cm™', corresponding to TeOg bending, and the

three modes at 651, 670, and 700 cm~!, appearing in the fre-
quency range of TeOg symmetry stretching, reveal a distortion
in the TeOg octahedra. With the increasing temperature, all
three modes at 651, 670, and 700 cm ™! merge into one peak
at ~670cm~! above ~200K. Similarly, the Raman mode
at 590 cm™!, corresponding to O-Ni-O stretching, becomes
sharp with the increase of temperature from 77 to 298 K,
suggesting that the NiOg octahedra also become less distorted.
Further, upon increasing temperature from 298 to 873 K,
all Raman modes move to the lower frequency (soften) and
become broad.

The Raman shifts of all modes as a function of temper-
ature for LNTO are shown in Fig. 6(h). All modes shift
toward the lower frequencies with the increase of tempera-
ture. Figures 6(i)—6(n) highlight the variation of the selective
Raman modes ~200 K associated with the stretching modes
of Li-O and stretching and bending modes of NiOg and
TeOg octahedra. In line with NNTO, all these modes reveal
changes of slope at 200 and 300 K due to local crystal
structural anomalies. Furthermore, other nonassigned vibra-
tional modes also exhibit anomalies at ~200 and 300 K
(bottom panel of Fig. S2 in the Supplemental Material [33]).
All anomalies are also found in the cooling cycle of the mea-
surements, revealing a reversible nature of these phenomena.

Like NNTO, the results obtained from the Raman spec-
troscopic study [Figs. 6(i)-6(n)] for LNTO are in line with
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Temperature dependence of Raman Shifts for NNTO
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FIG. 6. (a) Temperature variation of Raman mode frequencies for NNTO. (b)—(g) Magnified view of Raman shift vs temperature curves
for the selected vibrational modes associated with NaOg, NiOg, and TeOg octahedra stretching/bending. (h) Temperature variation of Raman
mode frequencies of LNTO. (i)-(n) Magnified view of temperature-dependent Raman shift for selected vibrational modes associated with
LiOy, NiOg, and TeOg octahedra. Solid symbols are experimental data, and red lines are linear fits.

that obtained from neutron diffraction (Fig. 4). The increase
in the Li-O bond length results in a softening of the Raman
mode at 259 cm™~!. Similarly, the changes in the Te-O bond
lengths result in the observed anomalies in the Raman modes
at 377, 615, and 670 cm™~!. Further, the anomaly in the TeOg
bending is associated with the observed changes in the bond
angle values. Similarly, the anomalies in the Raman modes
associated with the NiOg octahedra are related to the change
in the observed values of the Ni-O bond lengths and O-Ni-O
bond angles. In summary, the results of neutron diffraction
and Raman spectroscopy are consistent and reveal local crys-
tal structural anomalies in LNTO without having any change
in the global crystal symmetry, i.e., the space group symmetry.

The local crystal structural anomalies are pictorially
illustrated in Fig. 7 for NNTO and LNTO. For NNTO, in a
given Na layer, out of the three Na ions, the Na ion at the
Nal site moves toward the Na3 site, whereas the other two
Na ion positions at the Na2 and Na3 sites remain unchanged.
However, the Li position remains almost unchanged in
LNTO. For NNTO, no significant movements of the Ni and
Te ions are found in the transition metal ion layers, whereas a
substantial movement in the Ni ions along the a axis is evident
in LNTO. Most interestingly, the movements of oxygen ions
are significant for both compounds. In the case of NNTO,
within a given oxygen layer, the three oxygen ions connected
with a Ni ion show synchronized movement in a circular
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Arrows represent movements of ions with increasing temperature across 500 K and 200 K for NNTO and LNTO, respectively.

fashion. Such circular motions are opposite for two adjacent
Ni sites, i.e., clockwise and anticlockwise. Moreover, such
oxygen movements in the adjacent oxygen layer are opposite.
On the other hand, the movements of oxygen ions in LNTO
occur along a, b, and ¢ axes. Therefore, the natures of the
local crystal structural anomalies are significantly different
for NNTO and LNTO.

The local crystal structural anomalies are further shown
in terms of the polyhedral distortions. The distortions are
estimated from the differences in the values of bond angles as
well as bond lengths for a given polyhedral type, i.e., NiOg,
TeOg, and LiO4. For NNTO with increasing temperature,
the angular distortion X = P Zl 1 loi —90°| reveals a sharp
decrease of the distortion in NiOg but a sharp increase of
the distortion in TeOg over 475-575 K [Fig. 8(a)]. Similarly,
with the increase of temperature, for LNTO, the stretching

distortion A = % 21‘6:1 [%]2 reveals a decrease of the
distortion in NiOg but a sharp increase of the distortion in
TeOg over ~200-300 K [Fig. 8(c)]. It may be mentioned here
that the enhancement of the TeOg distortion for LNTO over
200-300 K is very significant. On the other hand, the change
in the angular distortions (X) for NiOg and TeOg in LNTO
is insignificant [Fig. 8(b)]. Now we compare the polyhedral
distortions for the alkali metal ions layers. In contrast to
undistorted NaOg trigonal prisms of NNTO, LiO;, tetrahedral
sites are distorted in LNTO due to unequal bond lengths as
well as unequal bond angles. The stretching distortions (A)
in LiO4 remain almost unchanged [Fig. 8(b)], whereas the
angular distortion (X) reveals an increase of the distortion in
LiO4 ~ 200-300 K with increasing temperature [Fig. 8(c)]. In
summary, a significant change in the local crystal structure

occurs for both NNTO and LNTO over ~475-575K and
~200-300 K, respectively.

The electrical properties are strongly related to the crystal
structure; therefore, it is expected that the observed local crys-
tal structural anomalies can affect the electrical properties.
In view of this, we present next the temperature-dependent
electrical properties.

C. Electrical properties

The electrical properties have been investigated by us-
ing frequency- and temperature-dependent impedance spec-
troscopy measurements. The recorded impedance data are
analyzed to determine ionic conductivity, dielectric constant,
and electric modulus.

1. NNTO

The temperature dependence of the real and imaginary
parts of the impedance (Z), dielectric constant (&), and mod-
ulus (M) parameters are shown in Figs. 9(a)-9(f) for selected
frequencies. All these parameters show anomalies at ~593 K,
which is related to the observed local crystal structural anoma-
lies in terms of the change in the bond length and bond
angle values as found from the neutron diffraction and Raman
scattering studies. Further, a change of slope in the Arrhe-
nius plots of ionic conductivity at ~550 K was also reported
experimentally by Evstigneeva et al. [12] as well as theoreti-
cally (by MD simulation) by Sau and Kumar [25]. The above
observations reveal coupling between crystal and electric de-
grees of freedoms in NNTO.
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The dielectric constant (¢’) values are found to be high
(~10° to 10® for frequency 1 Hz) over the temperature range
of 323-623 K. The observed higher &’ value for NNTO is
comparable with LiFeO, (¢ ~ 107 at 573 K) [38] but higher
than that for the other recently studied cathode materials
LINIPO4 (8 ~ 104 at 573 K) [39], LiFel/2C01/2V04 (8 ~ 105
at 473 K) [40], LiNi;_,_, 002Mgg 0,C0,Zn,0, (¢ ~ 10° at
393 K) [41], and K, Ti4Og (¢ ~ 107 at 773 K) [42]. The higher

value of dielectric constant can arise due to the conduction of
ions in the grain interior as well as in the grain boundary, as
reported in Ref. [43]. On the other hand, the value of dielectric
loss (tan §) is found to be low (tané = 30 at 300 K and 1 Hz)
and comparable with that reported for other cathode materials,
such as LiNiPOy (tand ~ 11 at 573 K) [39], LiFe; ,Co;,2,VO4
(tan$ ~ 9 at 473 K) [40], and K;,TizO¢ (tané ~ 3 at 773 K)
[42].

2. LNTO

The temperature dependence of ac conductivity for se-
lected frequencies is shown as Arrhenius plots in Fig. 9(g).
For 1 kHz, the curve increases monotonically with the in-
crease of temperature up to ~200K, then shows a plateau
over ~200-300 K, and then shows a sharp rise >300 K. With
increasing frequency, the plateau in the conductivity vs tem-
perature curve moves to a higher temperature. Above 300 K,
a linear behavior in the Arrhenius plot of the conductivity
curves [Fig. 9(g)] reveals a thermally activated conduction
process in LNTO. Further, the Arrhenius plot of the dc con-
ductivity curve, obtained from the Cole-Cole plot of the Z'
vs Z" curves, is shown in Fig. 9(h) over the temperature
range of 300-773 K. The ionic conductivity values of o ~
7.8x107°Sm™" at 313 K to o ~ 2x107'Sm™" at 773 K are
found. An activation energy of E, = 0.261(4)eV has been
determined from the linear fit to the Arrhenius plot.

The temperature-dependent real and imaginary parts of the
dielectric constant ¢ and &” curves show a gradual increase
up to 200 K and then a sharp rise [Figs. 9(1) and 9(j)].
The ¢’ value is found to be very high ~10° to 4x10° over
the temperature range of 100-473 K, which is in a similar
range to that for NNTO. The inset of Fig. 9(j) shows the
temperature-dependent dielectric loss factor (tan §) at selected
frequencies. The tan § value of LNTO is found to be ~5 at
300 K. The value is comparable with that of NNTO. The tan &
vs T curves also show a plateau over ~200-300 K where the
crystal structural anomalies were found. Figures 9(k) and 9(1)
depict the variation of the modulus parameters as a function
of temperature, which also show anomalies over ~200-300 K,
consistent with the observed crystal structural anomalies from
the neutron diffraction and Raman scattering studies. There-
fore, a correlation between the crystal structure and electric
properties is evident for LNTO as well.

D. Ion dynamics

The ion dynamics in the studied compounds have been
investigated by an ac conductivity study. The real part of ac
conductivity can be derived from the following equations:

o' = @/ANZ )(Z* +2"7)), (1)

where ¢’ is the real part of the ac conductivity, Z’ and Z’
are the real and imaginary parts of the impedance, respec-
tively, and the parameters ¢+ and A represent the thickness
and the cross-sectional area of the pellets used for the
study, respectively. The nature of the ¢’(v) curves can be
normally expressed by Jonscher’s power law, defined as
o’'(v) = o}, + av", where o, stands for dc conductivity, « is
a prefactor denoting the polarizability strength of the hopping
ions, and 7 is a frequency exponent representing the degree
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of interactions of charge carriers with surrounding ions of the
lattice [44]. The frequency exponent n values provide insight
into the ionic conduction mechanism of the mobile ions.

1. NNTO

The frequency-dependent ac conductivity [o’(v)] curves
for the NNTO sample, derived from the impedance param-
eters (Fig. 9), are shown in Fig. 10(a). The o’(v) curves
at low temperatures reveal a plateau over low frequencies
and then increase with increasing frequency. At higher tem-
peratures, the linear increase of the ac conductivity with
increasing temperature can be attributed to the electrode effect
as evident in the frequency-dependent impedance parameters

plot [Fig. 9(a)]. The derived frequency exponent n values
[Fig. 10(b)] are found to decrease with increasing temper-
ature. Such temperature dependence of n reveals that the
Na-ion conduction occurs through a correlated barrier hop-
ping (CBH) process [10].

The diffusion constant for the NNTO sample is calculated
from the Nernst-Einstein relation [25,45]:

ng*D
kT~

= @
where n denotes the number density of the alkali ions, ¢ is the
ionic charge (41 for Nat/Li%) of the alkali ions, and D is the
diffusion constant. Other symbols have their usual meanings.
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The diffusion constant is found to be ~2.28x10~'cm?/s at
323 K. With increasing temperature, the value of D increases
by ~10? order and attains a value of ~4.36x10™%cm?/s at
423 K [Fig. 10(e)]. The hopping rate of ions has been calcu-
lated by using the following equation [45]:

)

Ar = 1
' = %D

3

where AT is the hopping rate of ions, (I2) is the mean square
jump length, and d is the dimension of the diffusion system.
Here, the hopping distance or the mean square jump length
is the average distance between the neighboring Na-ion sites
(discussed in detail in the Discussion section). The dimension
of the diffusion is d = 2 due to 2D motion of the Na* ions
(detailed discussion in the conduction pathways section). The

calculated hopping rate of ions is found to be ~5.74x107%s
at 323 K. The hopping rate decreases with increasing tempera-
ture and becomes ~3x 1078 s at 423 K [Fig. 10(f)], suggesting
a faster ionic motion at high temperature.

2. LNTO

The o'(v) curves for the LNTO sample are shown in
Fig. 10(c). Here, the o'(v) curves reveal a plateau for low
frequencies and then increase with increasing frequency. The
derived n values [Fig. 10(d)] obtained from the fitting of Jon-
scher’s power law depict a decreasing nature with the increase
of temperature, like that for NNTO, revealing that the Li-ion
conduction occurs in LNTO through the CBH process.

The diffusion constant and hopping rate of ions of
LNTO have been estimated as for NNTO. The value of the
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diffusion constant is ~7.76x107"% cm?/s at 313 K, which
increases with the increase of temperature and reaches
~5.22x1078 cm?/s at 773 K [Fig. 10(e)]. The hopping rate
of ions is found to be ~4.3x 10~*s at 313 K, which decreases
with increasing temperature and becomes ~6.41x1077 s at
773 K [Fig. 10(f)]. The decrease of the hopping rate suggests
a faster ionic motion at high temperature. Figures 10(e) and
10(f) reveal that the diffusion constant is large for NNTO as
compared with that for LNTO. It is also apparent that the
hopping rate is faster in NNTO than that for LNTO.

Further, according to the jump relaxation model [46], the
n value represents the ratio of the back-hop rate to the site
relaxation rate. The lower n value at the high-temperature
region can be attributed to the slower back-hop rate than the
site relaxation rate. The slower back-hop of the charge carriers
at the higher-temperature region leads to weaker interaction
of the Na/Li ions with the surrounding ions, resulting in an
enhancement of the translational motion/conduction of Na
ions.

It is to be mentioned that, in the CBH process, ionic con-
duction occurs by surpassing the activation energy through a
hopping mechanism. In the present case, both studied com-
pounds reveal a deficiency of alkali ions, setting the ground
for the hopping process (elaborated in the Discussion sec-
tion). With the reduced Na™-ion concentration, additional
vacant sites are formed within the systems. These additional

vacant sites decrease the interaction between the mobile Na™
ions, leading to a reduction in activation energy [47-50]. As
a result, the deficiency of alkali ions generates additional
pathways for ionic conduction, facilitating a higher ionic con-
ductivity.

E. Illustration of conduction pathways (BVS)

To elucidate the Li-ion conduction pathways in LNTO, soft
BVS analysis [51-53] has been performed. The Li-ion con-
duction pathways are determined from the atomic positions
obtained from the Rietveld analysis of the room-temperature
neutron diffraction pattern [Fig. 1(e)]. In this method, the
accessible sites for the Li ions are calculated by considering
Pauling’s rule, which states that the sum of all bond valences
surrounding an atom should be the atomic valence as follows:

Ry —ry
‘/i = Zs,-j = eXp(OTrj>,

where V; represents the valence state of the ith atom, and s;;
and r;; represent the valence and bond length between the
ith and jth atom, respectively. Here, R, (distance between an
anion and cation pair) and b (universal parameter, set to 0.37 A
in the BondSTR program) are the empirical constants. In the
present calculation, the global cutoff distance is taken to be
8 A at which R, and b are constants. The difference between
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FIG. 11. (a) Bond valence (BV) map (conduction pathways) of LNTO at 300 K, represented by the yellow shaded area. The isosurface is
drawn for a valence mismatch value of AV = 0.05. Two-dimensional Li-ion conduction within the Li layers in the ab planes is evident from
the shaded region. For clarity, the Li ions are shown, and other atoms (Ni, Te, and O) are omitted. Projection of the BV map in the ab plane for
(b) 5 K and (c) 300 K. (d) Comparison of temperature-dependent ionic conductivity for NNTO and LNTO in Arrhenius plot. The conductivity
values for NNTO are taken from Ref. [13]. Solid lines are linear fit to the data. Temperature variation of direct distances between alkali metal
ions for (d) NNTO and (e) LNTO. Solid lines in (e) and (f) are guides to the eye.
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the actual valence value (V;) and the ideal value (V})) is known
as a bond valence mismatch AV =V, — V. The pathways
were calculated for the valence mismatch value AV = 0.05
valence unit (v.u.) for which an infinite network of conduction
pathways occurs. The analysis reveals 2D Li-ion conduction
pathways within the ab planes [Fig. 11(a)] like that reported
for NNTO [13]. It is apparent that the conduction of the Li
ions is not allowed along the ¢ axis through the Ni/TeOg
transition metal layers. The Li-ion conduction pathways
within the ab planes are shown in Figs. 11(b) and 11(c) for 5
and 300 K, respectively. However, no temperature-dependent
observable changes have been found in the conduction path-
ways. It may be highlighted that the conduction pathways
within the 2D ab plane are different in these two compounds.
This may be attributed due to the difference in the in-plane
arrangements of the alkali metals as well as the oxygen envi-
ronments around the alkali metals.

IV. DISCUSSION

Now we briefly discuss the unique features of the crystal
structures of A;NiTeOg (A = Na/Li) and their decisive role
on high ionic conductivity. Due to the layered crystal struc-
ture of A,Ni,TeOg, the alkali metal ions reside alone within
the layers, which allows alkali Na/Li ions to move without
scattering from any other atom/ion within the layer. This
results in high ionic conductivity even at room temperature.
Although NNTO and LNTO are the isoformula compounds,
their crystal structures are different (space group Cmca for
LNTO and space group P63/mcm for NNTO). In NNTO,
the alkali Na ions reside in a trigonal prismatic environ-
ment, whereas in LNTO, the Li ions reside in a tetrahedral
environment. Figure 11(d) shows a comparative plot of the
temperature dependence of ionic conductivity for both com-
pounds LNTO and NNTO (NNTO results are taken from
Ref. [13]). Although Li is lighter than Na, NNTO exhibits
higher ionic conductivity (67 ~ 107! Sm~'K at ~300K)
than that for the LNTO compound (67 ~ 2x1073Sm~'K
at 300 K) [Fig. 11(d)]. The differences in their conductivity
values reflect the individual characteristic of the transport of
charge carriers led by different crystal structural environments
around the alkali metal ions. The different crystal structures,
in terms of difference in the distance between the alkali ions,
atomic packing density, electropotential landscape, etc., are
directly related to the ionic conduction. In NNTO, the dis-
tances between the Na ions are smaller (Nal-Na2 ~ 1.615 A
and Nal-Na3 ~ 1.969 A at 300 K) [Fig. 11(e)] than that for
the Li ions (Li—Li ~ 2.572A) in LNTO [Fig. 11(f)]. The
smaller distances between the Na ions leads to an easy trans-
port of Na ions and hence results in higher ionic conductivity.
The BVS analysis reveals that the Na ions which reside in
Nal and Na2 sites contribute to the ionic conduction at room
temperature by making a continuous pathway through the
Nal and Na2 sites [13]. With increasing temperature above
~550K, the additional conduction pathways occur through
the Na3 ions [13]. On the other hand, although crystal struc-
tural anomalies at ~200-300 K were found for LNTO, no
change in the Li-Li distances occurs over the temperature
range 5-300 K [Fig. 11(f)]. Consequently, no change in the
nature of the conduction pathways has been observed for

Bottleneck Radii for NNTO

ce—a O)u oo

FIG. 12. Bottleneck radii for the A-ion conduction pathways in
(a) NNTO and (b) LNTO.

LNTO across 200-300 K [Figs. 11(b) and 11(c)]. Here, we
would like to mention that we have observed high values of
the thermal parameters (Biso) for Na/Li ions in the studied
ANi;TeOg (A = Na/Li) compounds as compared with other
atoms present in the crystal structure, viz., Ni, Te, and O. This
divulges that Na/Li ions have shallow potential wells which
are responsible for fast and high ionic conduction.

To further emphasize the role of the conduction pathways
on the ionic conductivity, we have determined the bottleneck
radius for the individual pathways. Here, the bottleneck radius
is defined as the smallest distance between the conducting A
ion and the surrounding oxygen ions at the narrowest point
of a conduction pathway (as defined in Ref. [12]). For the
compound NNTO, the bottleneck radius for the conduction
pathway Nal-Na2(~ 2.33 A) is widest among the A;M,TeOg
series of compounds [Fig. 12 and Table I], which leads to
the highest conductivity. The Na3 site does not contribute
to the ionic conductivity at room temperature, which can be
attributed to the relatively smaller bottleneck radius for the
conduction pathway Nal-Na3 (~2.25 A at 300 K). However,
with the increase of temperature, the increase of the bottleneck
radius (~2.3OA at 725 K) along with a reduction in the
distance between the Nal-Na3 atoms [Fig. 11(e)] leads to a
conduction pathway through the Na3 ions. On the other hand,
the bottleneck radii of LNTO (~1.72 and ~1.9 A for Li-Li)
are wider than that for several other Li based layered honey-
comb compounds [11]. This is consistent with the observed
highest ionic conductivity for LNTO among them. The above
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TABLE I. A comparison of bottleneck radii for the A-ion conduction pathways in the A,M,TeOg compounds.

Bottleneck radius

Compounds (Nal-Na2) (Nal-Na3) o (S/m) at 300 K o (S/m) at 573 K
Na,Zn, TeOg 2.28A 2.29A 9% 1073 [12] 5.1-7.0[12]
Na,Co,TeOy 231A 2.32A 3.8x107* t0 4.9x107* [12] 3.1-4.4[12]
Na,Ni, TeOq 2.33A(s)) 2.25A(s) 8x107* to 34x 107 [12] 10.1-10.8 [12]
Li,Ni, TeOg (Li-Li) 7.8x107° 25%1073

1.722 A(s1) and 1.9 A(s,) This paper This paper

discussion reveals that the local arrangements of alkali metal
ions play a significant role in ionic conduction.

The ion dynamics of Na/Li ions in a battery material
strongly depends on Na/Li-ion occupancies, i.e., fully filled
or partially filled Na/Li crystallographic sites. In a Na/Li-
ion-deficient phase (having site occupancy less than its full
capacity), the conducting ions jump from their original posi-
tions to the adjacent vacant regular sites. On the other hand,
in a compound with fully filled Na/Li sites (i.e., up to its
maximum site capacity), Na/Li ions can only jump to vacant
interstitial sites. For the Na,Ni, TeOg compound, having space
group P63/mcm, there are six positions available per formula
unit in the crystal structure for the two Na™ ions to occupy.
There are 2 f.u. per unit cell where the four Na ions are
distributed over Nal (6g), Na2 (4¢), and Na3 (2a) sites with
a maximum allowed capacity of 12 ions. Therefore, there
are 66% natural Na vacancies present in the stoichiometric
Na,Ni; TeOg compound. Furthermore, analysis of the neutron
diffraction pattern of the present Na-based sample [Fig. 1(a)]
reveals the occupancies of 0.37(3), 0.18(1), and 0.11(1) for
Nal (6g), Na2 (4c), and Na3 (2a) sites, respectively [13].
Hence, in comparison with the stoichiometric Na,Ni, TeOg, a
deficiency of ~15% Na ions corresponding to Na; 7Ni; TeOg
is revealed (Table S1 in the Supplemental Material [33]).
Such partial site occupations (%) reveal that enough vacant
sites are present in the Na layers, allowing Na-ion conduc-
tion through the empty regular Na sites. On the other hand,
for the second compound with A = Li, having space group
Cmca, there is a single crystallographic site (8¢) for Li ions.
In this case, there are 4 f.u. per unit cell with a maximum
allowed occupancy of eight ions. Hence, there are two posi-
tions available per formula unit in the crystal structure for the
two Li* ions to occupy, which means that all Li positions are
fully occupied for a stoichiometric composition Li;Ni, TeOg.
In this paper, LNTO was synthesized from the as-prepared
NNTO sample (having 15% Na-ion-deficient composition
Na; 7Ni,TeOg) by replacing Na ions by Li ions in an ion-
exchange method. Therefore, it leads to a nonstoichiometric
composition Li; 7Ni; TeOg for the LNTO sample as well, as
confirmed by the Rietveld analysis of the measured neutron
diffraction pattern (Table S2 in the Supplemental Material
[33]). Therefore, the ion dynamics reported in this paper are
related to the Na/Li deficiencies, which are of special impor-
tance to understand the performance of a battery material. In
fact, from MD simulations, Sau and Kumar [19] reported that
the NNTO compound with an optimum deficiency (~20%
Na* ions) provides the maximum ionic conductivity due to
the marginal interaction between the mobile Na™ ions. With
increasing Na™t-ion concentration beyond the optimum value

(Na; ¢Ni, TeOg), the interaction between the mobile Na™ ions
increases; hence, the conductivity decreases. It was also re-
ported [19] that the Na-ion conductivity is higher when the
rest of the crystal structural framework remains static (i.e.,
the Ni, Te, and O ions are static or immobile). In fact, from
the present neutron diffraction study, the Bjs, values of Ni,
Te, and O ions are found to be smaller than that for the
Na as well as Li ions, which is favorable for the high Na-
and Li-ion conductivity. In summary, further enhancement of
the Na (Li)-ion conductivity for the present compounds may
be possible by creating optimum Na (Li) vacancies and/or
making the crystal structural framework (consisting of Ni, Te,
and O ions) more static/rigid.

The other limiting factor for ionic conductivity is the cation
mixing between the Na and transition metal layers. Due to the
similar size of Ni%t (ionic radius r ~ 0.69 A) and Te®" (ionic
radius r ~ 0.56 A) with that of the Lit ions (r ~ 0.59 A),
cation mixing can be expected in LNTO. Our neutron diffrac-
tion results reveal that the highest possible cation mixing in
the studied compound is ~4.6(8)%. Here, we would like to
highlight that the LNTO sample prepared by the ion-exchange
method (Ref. [13] and the present study) retains the layered
structure like NNTO due to low/zero cation mixing. On the
other hand, the literature [11] suggests that the LNTO sam-
ple prepared by the conventional solid-state reaction method
contains a high degree of cation mixing, therefore resulting
into a nonlayered disordered crystal structure. Here, we would
like to mention that, although NNTO has been prepared by
the solid-state reaction method, due to the difference in the
sizes of Ni**/Te®* (r ~ 0.69/0.56 A) and Na™(r ~ 1.02 A)
ions, the cation mixing is not expected in NNTO. Our neutron
diffraction results also ensure no cation mixing for NNTO.

In addition to high ionic conductivity, high working po-
tential, and long-life electrodes for rechargeable batteries (as
reported), the studied compounds A;Ni;TeOg can be used
as electrolyte materials due to their high ionic conductivity.
The special advantage would be their high working potential
(~4.5 and 4 V for NNTO and LNTO, respectively), where
conventional electrolytes made of organic solvents are prone
to decomposition. Further, the crystal structural stability of
these compounds with small thermal expansion over a wide
temperature range, as established in this paper, makes these
compounds suitable for battery application over extreme con-
ditions. Here, we would like to mention that NNTO would be
better for battery usage, as it depicts higher ionic conductivity
along with high rate capability and high capacity retention as
compared with that of LNTO.

Now we shed light on another important aspect of
these 2D layered materials, i.e., their interesting magnetic
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properties [12-22,29]. Due to the layered crystal structure, the
magnetic exchange interactions mainly dominate within the
2D magnetic layers in the ab planes with a weak exchange
coupling between the magnetic layers. Such a reduction in
the magnetic dimensionality enhances quantum fluctuations.
Additionally, the honeycomb arrangements of the magnetic Ni
ions within the ab planes and in-plane exchange interactions
between the Ni ions beyond the first nearest neighbors lead
to geometrical frustrations. Such enhanced quantum fluctua-
tions and geometrical frustrations result in unusual magnetic
properties [12-22]. The compound NNTO has been studied
extensively for its interesting magnetic properties. The alkali
metal Na ions that are sandwiched between the honeycomb
magnetic layers not only act as a nonmagnetic separator but
also dictate the magnetic symmetry of the materials [21].
Interesting coexisting commensurate (CM) long-range and in-
commensurate (ICM) short-range magnetic correlations were
reported [21]. Further, for the CM long-range phase, an un-
usual up-up-down-down (11 ] ) periodicity (along the c axis)
of the in-plane antiferromagnetic (AFM) spin structure was
also reported [21]. It was reported that the intermediate Na
layer plays a significant role in stabilizing both coexisting
CM and ICM phases as well as up-up-down-down period-
icity of the CM AFM structure. On the other hand, only a
preliminary experimental report on the bulk magnetic prop-
erties is available for the other compound LNTO, where the
temperature-dependent susceptibility study reveals a long-
range AFM ordering below ~24.4K [29]. DFT calculations
[29] predicted an AFM structure consisting of AFM coupled
ferromagnetic chains within the honeycomb layers. Addi-
tional short-range magnetic ordering was proposed above Ty
up to ~34 K [29]. Detailed knowledge of the magnetic ground
state of LNTO could be a potential future research scope.

V. SUMMARY AND CONCLUSIONS

In summary, detailed crystal structural and electrical
properties and their intercorrelations in the potential bat-
tery materials A;Ni,TeOg (A = Na/Li) have been divulged
through a combined in-depth study of neutron diffraction,
Raman spectroscopy, and impedance spectroscopy. For both
Na- and Li-based compounds, the layered crystal structures
consist of alternating stacking of (Ni/Te)O¢ and Na/Li-ion
layers along the crystallographic ¢ axis. The structure of the
(Ni/Te)Og layers are identical in both compounds. However,
the internal structures of the alkali metal layers are different,
where LNTO has a LiOy4 trigonal prismatic environment in

contrast to a NaQOg octahedral environment in NNTO. Even
though Li is lighter than Na, NNTO exhibits higher ionic
conductivity than the LNTO compound due to the different
crystal structure environments around the alkali metal ions
(distances between the Na ions are smaller in NNTO than
that for the Li ions in LNTO). Further, our soft BVS anal-
ysis of the neutron diffraction pattern of LNTO reveals a
2D ionic conduction pathway like NNTO. With increasing
temperature, site-specific contribution of Na-ion conduction
is evident for NNTO [13], where > 550 K, in addition to the
Nal and NaZ2 sites, ionic conduction pathways occur involving
the Na3 site as well due to the reduction of the Nal-Na3
distance > 550K. On the other hand, due to insignificant
change in the Li-Li distance, no change in the nature of
the conduction pathways has been observed for LNTO. We
have shown that the studied compounds exhibit a high value
of ionic conductivity along with a high value of dielectric
constants and low dielectric losses. Such properties are advan-
tageous for a high-density energy storage application with low
energy loss. The temperature-dependent Arrhenius behavior
of ionic conductivity obtained from impedance spectroscopy
reveals a thermally activated conduction process with activa-
tion energies 0.58(3) and 0.261(4) eV for NNTO and LNTO,
respectively. Analysis of the temperature-dependent neutron
diffraction patterns reveals that the crystal structural symme-
try remains unchanged over 5-873 K, ensuring good structural
stability for both compounds A;Ni,TeOg (A = Na/Li). How-
ever, local crystal structural anomalies in terms of bond
lengths and bond angles are evident at ~475-575K and
~200-300K for NNTO and LNTO, respectively. The role
of the underlying crystal structure on the electrical proper-
ties has been demonstrated for both compounds A;Ni;TeOg
where temperature-dependent local crystal structural anoma-
lies (bond lengths, bond angles, and polyhedral distortions)
impact the electrical properties. The present in-depth under-
standing of the electrostructural correlations of the highly
efficient layered battery materials is useful for the advance-
ment of battery research in the field of high-density storage
devices.
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