
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 3

/2
6/

20
26

 3
:1

2:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
How does the Li
Research Institute of Electrochemical Energ

Environment, National Institute of Advan

(AIST), 1-8-31 Midorigaoka, Ikeda, Osaka 5

aist.go.jp

† Electronic supplementary informa
10.1039/d0ra06125e

Cite this: RSC Adv., 2020, 10, 33509

Received 14th July 2020
Accepted 28th August 2020

DOI: 10.1039/d0ra06125e

rsc.li/rsc-advances

This journal is © The Royal Society o
-distribution in the 16d sites
determine the stability of A3(Li,Ti5)O12 (A ¼ Li and
Na)?†

Kohei Tada, Hiroyuki Ozaki, * Tetsu Kiyobayashi, Mitsunori Kitta
and Shingo Tanaka

Li3(Li,Ti5)O12 (LTO) is a stable and safe negative electrode material for Li-ion batteries, and its Na substitute

Na3(Li,Ti5)O12 (NTO) is a counterpart for the Na-ion battery. In LTO and NTO, a sixth of the Ti-sites (16d) in

the spinel framework are replaced by Li: Li mixing in the 16d sites. For conducting theoretical studies on

these materials, e.g., density functional theory (DFT) calculations, one has to confront the astronomical

number of combinations of Li distribution in 16d sites to construct model structures, of which the size is

sufficiently large to represent the bulk material properties. Only a limited number of models, whose

structures are a priori specified by “researcher intuition,” have been examined thus far, and how Li-

mixing determines the material stability has yet to be clarified. Herein, we statistically analyzed the DFT

total energy of more than 2 � 104 model structures of LTO and NTO that were extracted from the 4 �
108 possible combinations of Li-mixing with computer-aided symmetry analysis and an automated

model building system. The local energy analysis further revealed the local stability/instability of each

structure. We found that LTO and NTO stability can be well explained by the apparent coulombic

repulsion between Li+ in the 16d sites as if they were placed in a matrix of dielectric constants of 1.92

and 2.04 for LTO and NTO, respectively. That is, the sum of the inverse of the Li–Li distance (S) serves as

a good descriptor in predicting the stability of these materials. The extent to which the O2� anions are

displaced from the Wyckoff position (32e) is considered to differentiate NTO from LTO. However, the

electronic structure of NTO does not significantly differ from that of LTO unless S exceeds a certain

limit. These results suggest that the spinel framework tolerates the structural instability and variety to

some extent, which is important in constructing a spinel structure with the mixing of other cations,

thereby replacing the rare element Li.
1 Introduction

Secondary batteries are indispensable in daily life. Their
recent widespread usage has necessitated further improve-
ment in the safety of rechargeable Li-ion batteries.1–3

Li4Ti5O12 (LTO)4–14 is a negative electrode material for Li-ion
secondary batteries and, compared to conventional carbon
electrodes, is safer for use in electric and plug-in hybrid
electric vehicles. The Li ion is inserted in and extracted from
the LTO according to

(Li3)
8a(Li1,Ti5)

16d(O12)
32e + 3Li+ + 3e� #

(Li6)
16c(Li1,Ti5)

16d(O12)
32e, (1)
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f Chemistry 2020
where superscripts 8a, 16d, 32e, and 16c, denote the Wyckoff
positions of the Fd�3m symmetry (spinel). During the reaction,
the Ti–O framework maintains its spinel structure, which is
stabilized by the Li+ cations substituted for a sixth of Ti4+

cations situated in the 16d sites (referred to as “Li-mixing”).
The material functions as a negative electrode for Li-ion
batteries when Li ions move between 8a and 16c sites. Li
insertion only slightly expands the spinel lattice ((Li3)

8a(Li1,-
Ti5)

16d(O12)
32e: 8.36 Å, (Li6)

16c(Li1,Ti5)
16d(O12)

32e: 8.35 Å), so
that the charge and discharge process is strain-free. This
structural robustness yields good cycling properties (dura-
bility) and renders LTO suitable as a safe negative electrode
material.

Our group has recently synthesized a Na substitute for LTO,
Na3LiTi5O12 (NTO), in which all the Li+ cations situated in the
8a sites are replaced by Na and, as in LTO, a sixth of the 16d
sites are occupied by Li.15–18 During the charge and discharge
process with the Na counter electrode, NTO works as a nega-
tive electrode when Na ions in the 8a sites move to the 16c
sites:
RSC Adv., 2020, 10, 33509–33516 | 33509
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(Na3)
8a(Li1,Ti5)

16d(O12)
32e + 3Na+ + 3e� #

(Na6)
16c(Li1,Ti5)

16d(O12)
32e, (2)

which, as in the LTO in eqn (1), proceeds with negligible strain
in the lattice ((Na3)

8a(Li1,Ti5)
16d(O12)

32e: 8.74 Å, (Na6)
16c(Li1,-

Ti5)
16d(O12)

32e: 8.83 Å). This leads to high cycling stability
during Na insertion and extraction. This feature suggests that
NTO can be resilient to deterioration caused by volume expan-
sion and contraction during the charge and discharge process.
While the development of Na-ion rechargeable batteries is
important in circumventing the resource issues associated with
Li, higher chemical reactivity of Na than that of Li poses safety
concerns. In contrast to carbon-based electrodes, NTO is, in
principle, free from ammability. Because of its mechanical
and chemical stability, NTO can be used as a material for safe
Na-ion rechargeable batteries.

Computational calculations based on density functional
theory (DFT) are widely applied to elucidate material function-
alities and design new materials. Examples of battery materials
examined by DFT can be found in ref. 19 and 20. As for LTO and
NTO, the electronic states have been investigated to design
high-performance materials.16–18,21–31 In a previous DFT study of
LTO and newly discovered NTO, the electronic states and local
atomic structures were examined. The O2� anion in LTO and
NTO can exibly move a distance from Ti, whereby it forms
a coordinate bond with Ti and results in an analogous elec-
tronic state either for LTO or NTO with a local structural
strain.17 The crystallographic structure of LTO and NTO in the
present study is described as (Na or Li)8a(Li1/6Ti5/6)

16dO4, in
which a sixth of 16d sites in the spinel structure is occupied by
Li. For LTO, the Li-substitution in the 16d sites was experi-
mentally conrmed by the solid-state NMR.14 The presence of Li
in the 16d sites has been experimentally observed by us in NTO
as well.18 That is, the Li-substitution in the 16d sites is essential
for either LTO or NTO from the viewpoint of crystallographic
structure. Previous studies,16–18,21–29 however, have not examined
how Li-mixing in the 16d sites inuences the stability of the
spinel framework and the relationship between the local
structural strain and local energetic instability.

Furthermore, Li-mixing with Ti in the 16d sites in LTO
(Li(Ti5/3,Li1/3)

16dO4) and NTO (Na(Ti5/3,Li1/3)
16dO4), which

compensates for the charge of Ti to retain the neutrality of the
entire system, is of interest from a crystallographic point of
view. In LiTi2O4 (Li(Ti3+,Ti4+)16dO4)12,13,28,32–34 and LiMn2O4

(Li(Mn3+,Mn4+)16dO4),3,13,35–42 two other electrode materials with
spinel structures, the 16d sites are occupied by identical cations
with different valences. This contrasts with LTO and NTO,
where the 16d sites are occupied by different cations, Li+ and
Ti4+. For LiTi2O4, the difference in the ionic radius between Ti3+

(67 pm) and Ti4+ (60.5 pm) is 11%. For LiMn2O4, the ionic radius
difference between Mn3+ (58 pm) and Mn4+ (53 pm) is 10%. On
the other hand, radii of Li+ and Ti4+ (76 pm and 60.5 pm,
respectively) differ by 26%. In addition, as for the stability of the
spinel electrode materials other than LTO and NTO, the Li–Mn–
O systems were examined in detail by Yabuuchi et al., who
proved that the material Li8a(LixMn2�x)

16dO4, in which a part of
the 16d sites was occupied by Li, more stably retains its spinel
33510 | RSC Adv., 2020, 10, 33509–33516
structure than the regular composition LiMn2O4.43 Thus, it is
anticipated that the signicant difference in cation mixing in
the 16d sites should manifest itself in the stability of the spinel
structure of LTO and NTO.

As NTO is synthesized by substituting Na for Li at the 8a sites
of LTO, the states of the LTO precursor must be reected in the
16d sites of the NTO product.15,18 Examination of the circum-
stances of the 16d sites provides the key to understanding why
only NTO can retain its spinel structure among sodium
titanates.

As mentioned above, previous theoretical studies have
focused only on a limited number of stable structure congu-
rations.16–18,21–31 Some studies attempted to predict the most
stable structure of the LTO using systematic models.30,31

However, the models used were non-stoichiometric composi-
tions, of which the results could contain computational errors,
such as the dynamic and static correlations as well as the spin
contamination, affecting the results of electrode materials.25,44

To precisely correct the errors, themulti-referenced calculations
should be performed, which is oen prohibited by the
computational cost. Although the genetic algorithm,45,46 which
seeks the most stable structure among those considered, may
be applied to investigate the stable conguration of the dopant,
it is beyond the scope of this technique to quantitatively relate
the conguration to the stability (or instability). That is, we still
do not know how Li-mixing determines the stability of the
spinel framework of LTO and NTO, despite its importance in
determining material performance.

Herein, we analyzed the DFT total energy of a number of
randomly generated structural models to elucidate how the Li
conguration inuences the stability of LTO and NTO. The
recent growth of super-computing systems has aided in the
construction of a database that allows for statistical treatment
of these randomly generated models. We used a super-
computing system provided by Kyushu University and an in-
house coded tool,25,47 which generates numerous model struc-
tures and analyzes data obtained by the DFT calculation. The
statistical method can provide the descriptors for machine-
learning, whereby one can determine the most stable struc-
ture from numerous candidates through the interpolative
scheme. In addition, local energy analysis48–57 of the obtained
stable structures allowed for the evaluation of the inuence of
local strain caused by Li-mixing. This analysis revealed the
difference between LTO and NTO with respect to their stability.

2 Computational procedure

To represent the chemical composition of LTO (Li : Ti : O ¼
4 : 5 : 12) and NTO (Na : Li : Ti : O ¼ 3 : 1 : 5 : 12), we adopted
a 1 � 1 � 3 supercell model in which the number of sites was
24(8a), 48(16d), and 96(32e). All 32e sites were occupied by O2�,
and all 8a sites were occupied by Li+ in LTO or Na+ in NTO. The
Li+ and Ti4+ cations are mixed in the 16d sites in such a way that
Ti4+ occupy ve-sixth of the sites (40 sites), and the remaining
one-sixth (eight sites) is occupied by Li+. This results in 48C8 ¼
377, 348, 994 possible congurations if the symmetry is not
taken into account. We rst randomly generated 15 000
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Total energy E(LTO) of Li4Ti5O12 as a function of the sum of the
inverse distance between Li in the 16d sites S for (a) 8444 non-opti-
mized structures, (b) additional 5000 structures (red cross) overlaid on
(a), and (c) 58 optimized structures whose initial positions are indicated
with orange squares in (a).
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congurations, out of which 8444 were extracted by eliminating
the combinations of equivalent symmetry. The set of energies
calculated for all 8444 congurations by DFT, without optimi-
zation, was statistically analyzed for LTO and NTO. From the
regression line, 58 models considered relevant were selected,
and these models were optimized by DFT to obtain stable
structure and energy. Further analysis of these selected data
yielded more reliable regression results. The atomic positions
were optimized whereas the lattice parameters were not. The
purpose of the present work is to clarify the stability of the
spinel framework by the Li-mixing. To preserve the spinel
framework structure, we xed the lattice parameter to the
experimental values. Unstable structures would be unable to
keep the framework, and hence takes a long time for the lattice
parameters to be optimized. The optimization per se and the
nal structure with which the unstable state would end up are
beyond the scope of the present study.

The energy and electronic states were obtained by DFT using
the ab initio calculation package VASP58–61 on the ITO super-
computing system provided by Kyushu University. The struc-
tural models were generated, and the calculated data were
managed using an in-house coded Python program.25,47 The
structures were visualized using VESTA.62

GGA-PBE63 was adopted as the exchange and correlation
functional of DFT. The electrons in the core region were treated
with the projector-augmented plane-wave (PAW) method64,65

with an energy cutoff of 450 eV. The number of valance elec-
trons was one, one, ten, and six for Li, Na, Ti, and O, respec-
tively. The k-points were sampled on the Monkhorst mesh66 of 4
� 4 � 2. The calculation conditions were optimized in our
previous study,17 which conrmed that the corrections of the
on-site Coulomb and dispersion forces hardly inuence the
electronic states and structures.

The formal valence in X3LiTi5O12 is X ¼ +1, Li ¼ +1, Ti ¼ +4
and O ¼ �2, respectively, suggesting that these ions are in the
closed shell structure. The experimental EELS (Electron Energy
Loss Spectrums) study indeed corroborates Ti(IV) in X3LiTi5O12.
We hence consider that, as a rst approximation, it should be
reasonable to calculate under the spin-restriction with
excluding the open shell structure. In the stable structures, the
closed shell conguration is the electronic ground state and
Ti(III) will occur in the high energy excited state; therefore, the
spin-unrestricted calculation is not required. As for the unstable
structures, Ti(III) could partially occur, for which the spin-
restricted calculation would entail the error associated with
the static electronic correlation. We made a brief consideration
in Results and discussion regarding this issue.

By analyzing the local energy of the optimized structures
using the QMAS program,48 we investigated how the structural
strain caused by the Li-mixing depends on the congurations as
well as how it differs in LTO and NTO. Local energy/stress
analysis using the QMAS code has been adopted successfully
in grain boundary systems and surface systems.49–55 The local
energy discussed in this paper was obtained by integrating the
energy density in the local region into which the calculated cell
is divided into centered atoms.56,57 This method can clarify how
much each atom contributes to the total energy obtained in the
This journal is © The Royal Society of Chemistry 2020
calculated cell. When the local energy is small, it is relatively
unstable. Conversely, when the local energy is signicant, it is
stable. Therefore, by comparing the same atomic species, we are
able to analyze the effect of structural distortion on the stability
of the spinel framework in LTO and NTO.
3 Results and discussion
3.1 Li4Ti5O12 (LTO) system

Fig. 1 shows the total energy computation results of LTO. In
Fig. 1(a), the y-axis is total energy E before the structure opti-
mization, indicating the structural stability (i.e., the more
negative, the more stable), and S in the x-axis is the sum of the
reciprocal distance between Li in the 16d sites; namely,

S ¼
XLi in 16d sites

i;j

1

rij
(3)

which contains the combination of the distance between eight
Li+ cations, i.e., 8C2 ¼ 28 terms. Energy E of 8444 structures in
Fig. 1(a) obviously positively correlates with S, from which we
considered that LTO is in the relatively stable Li-mixing states
when S is less than 3.86 Å�1. An additional 5000 structures were
then generated using the same method as the initial 15 000
models, under the constraint S/Å�1 < 3.86, and the result of the
corresponding DFT calculation is indicated by the red cross in
Fig. 1(b). The stability of LTO with respect to Li-mixing positively
correlates with the sum of the reciprocal distance between Li in
the 16d sites.
RSC Adv., 2020, 10, 33509–33516 | 33511
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The results shown in Fig. 1 were obtained by xing all the
ions at the ideal Wyckoff positions. However, both theoretical
and experimental studies suggest that the O2� anions in LTO
are slightly displaced from the 32e sites, the ideal position for
the spinel (rock-salt) structure because O would be too far from
Ti to form a sufficient coordinate Ti–O bond.17,18 To discuss the
stable structures, structural optimization is required to
consider the stabilization brought by the coordinate Ti–O bond
properly. We optimized the structures of 58 models that were
selected from those in Fig. 1(a), indicated by orange squares, as
(1) 18 structures from the most stable (the top 18), (2) ten
structures from the least stable (the bottom ten), and (3) 30
structures from the entire range of S with an equal interval. The
result aer the optimization is shown in Fig. 1(c), conrming
the strong correlation between E and S. The regression line is
given by:

E/eV ¼ a(S/Å�1) + b (4)

where a/Å eV ¼ 7.49 � 0.36 and b/eV ¼ �1350.4 � 1.8 with R2 ¼
0.968. It can be concluded that the stability of LTO is strongly
correlated with the Li conguration measured by the sum of the
reciprocal distance between Li. Namely, the greater the recip-
rocal distance, which implies that the Li+ cations spatially
aggregate, the less stable the structure. This result suggests that
the apparent coulombic repulsion between Li+ in the 16d sites
dominates the stability of LTO. The orbital correlation, result-
ing from the coordinate Ti–O bond, is little correlated to the S–E
relation because the structural optimization did not affect it, as
shown in Fig. 1(a) and (b). The energy density of states (DOS)
corroborates this argument (Fig. 2). The coordinate Ti–O bond
cleaves the band gap,17,22 of which the magnitude measures the
orbital correlation. As shown in Fig. 2, when S is less than 4.0–
4.1 Å�1, the band gap is almost constant at ca. 2 eV wherever the
structure is in the E–S plot. The Li conguration hardly inu-
ences the coordinate Ti–O bond unless Li+ extremely aggre-
gates. In any Li conguration, the O2� anions in LTO can
displace from the 32e sites in such a way that the electronic
Fig. 2 An example of the DOS of the optimized structures of Li4Ti5O12

(others are shown in ESI†). EF represents the Fermi energy.

33512 | RSC Adv., 2020, 10, 33509–33516
states converge to those observed in previous studies16–18,21–29 or
in Fig. 2. Note that aggregated Li systems (S/Å�1 > 4.2) may
include static correlation errors because, as the DOS structures
imply, Ti4+ would be reduced to Ti3+ by the surrounding Li+.
These errors, however, will hardly affect the results and
discussion in the present study. In order for Ti(III) to occur, local
structures resembling Li1Ti2O4 should appear, which is caused
by the localization of Li in the 16d sites. The apparent correla-
tion with the sum of the inverse distance between Li (Fig. 1)
exactly indicates that these Li-localized structures are unstable.
This correlation is no more than apparent as it contains the
above mentioned errors. The total energy of the structures with
a high S value may thus be slightly more negative (i.e., more
stable) if these errors are corrected. However, specifying the
ground state out of conceivable numerous spin-unrestricted
solutions is intractable in reality. It would therefore barely
deserve the laborious cost to specify the ground electronic states
for these unstable structures. Previous studies had proposed the
Fig. 3 Total energy E(NTO) of Na3LiTi5O12 as a function of S for (a)
8444 non-optimized structures and (b) 58 optimized structures whose
initial positions are indicated with orange squares in (a). (c) Energy
difference from themost stable structure (DE) as a function of S for the
optimized structures of Li4Ti5O12 and Na3LiTi5O12.

This journal is © The Royal Society of Chemistry 2020
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most stable structures based on the models that should may
contain the above-mentioned errors,30,31 which can be validated
in the present study based on numerous models. Fig. S33†
reveals that the most stable structures sorted out of the
randomly built 13 444 models insignicantly differ from that
those in the previous studies, implying that the spin-
unrestricted calculation is not necessary insofar as the elec-
tronic ground state of titania has the closed shell conguration.
3.2 Na3LiTi5O12 (NTO) system

Fig. 3 summarizes the results for NTO. As in LTO (Fig. 1(a)), the
total energy of NTO, E(NTO), is strongly correlated with the sum
of the reciprocal distance between Li at the 16d sites, S in
Fig. 3(a), wherein the results of DFT calculations for 8444
congurations are without structural optimization. In real NTO,
however, the O2� anions are displaced from the ideal Wyckoff
position (32e), the extent of which has been experimentally and
theoretically conrmed to be more signicant than in LTO. For
example, the results of high-intensity X-ray diffraction are better
tted by placing O in the 192i (x,y,z) sites rather than in the 32e
(x,x,x) sites.17,18 Structural optimization would hence inuence
NTO more than LTO. As for LTO, we optimized a total of 58
structures, indicated by orange squares in Fig. 3(a) that are (1)
the top 18 stable, (2) the bottom ten unstable, and (3) 30 models
taken out of Fig. 3(a) with an equal interval in S. The O-
displacement in the optimized structures is consistent with
the experimental observation (Fig. S32†). The E(NTO) versus S
relation aer the optimization and the DOS are summarized in
Fig. 3(b) and 4, respectively.

The coordinate Ti–O bonds, achieved by the optimization,
create a band gap (Fig. 4) and signicantly lower the total
energy. The strong correlation between E and S is nevertheless
persistent (Fig. 3(b)). The linear optimization with the analo-
gous equation in eqn (4) yields a/Å eV ¼ 7.07 � 0.36 and b/eV ¼
�1318.7 � 1.7 with R2 ¼ 0.964. The band gap of structures with
S less than 4.0–4.1 Å�1 is nearly constant at ca. 2 eV. These
observations are in line with those of LTO. We can, therefore,
Fig. 4 An example of the DOS of optimized structures of Na3LiTi5O12

(others are shown in the ESI†). EF represents the Fermi energy.

This journal is © The Royal Society of Chemistry 2020
conclude that, as in LTO, the apparent coulombic repulsion
between Li+ in the 16d sites dominates the stability of the spinel
framework of NTO with little orbital correlation between Ti and
O. The analogous outcome drawn from LTO and NTO suggests
that the 8a sites occupied by Li or Na are insignicant in
determining the stability as far as the steady-state is concerned.

The present study implies that the stability of the (Ti, Li)–O
spinel framework is dictated by the magnitude of the repulsion
between Li, regardless of LTO or NTO. In effect, the models
selected as the top 10 stable structures for LTO have identical Li
congurations to those of NTO, and their order of stability is also
identical for LTO and NTO (Fig. 5 and 6). A similar trend is
observed for all selected (optimized) structures (see ESI†). The
relationship between LTO and NTO is clearly seen in the over-
lapping data. However, there is a slight difference in the slope in
which the overlay is the energy difference (DE) from the most
stable structure versus S for LTO and NTO (Fig. 3(c)). It can thus
be concluded that, for either LTO or NTO, the stability of the
spinel framework is determined by the distance between Li in the
16d sites, and their conguration hardly inuences the electronic
Fig. 5 Perspective views of the optimized top ten stable structures
and their DE values (the energy difference in the total energy from the
most stable structure) for Li4Ti5O12. In the left panels, spheres in green,
blue, and red represent Li, Ti, and O atoms, respectively; spheres in
dark and light green represent Li atoms at the 16d and 8a sites,
respectively. In right panels, the Li atoms in the 16d sites are shown as
the green spheres, and the other atoms are shown as the sticks.
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Fig. 6 Perspective views of the optimized top ten stable structures
and their DE values (the energy difference in the total energy from the
most stable structure) for Na3LiTi5O12. In the left panels, spheres in
yellow, green, blue, and red represent Na, Li, Ti, and O atoms,
respectively In right panels, the Li atoms in the 16d sites are shown as
the green spheres, and the other atoms are shown as the sticks.
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states from these results. This accompanies the fact that the
optimized DOS is independent of the conguration if S is suffi-
ciently small (Fig. 2 and 4) and is identical in LTO and NTO.17

The strong ionicity of an alkali metal, as mentioned in
a previous study,17 is attributed to the stability and is well
supported by the coulombic repulsion between Li at the 16d
sites. Spinel titanates can be viewed as ionic crystals comprised
of alkali metals (Li+, Na+) at the 8a sites and a complex spinel
framework formed by the coordinate Ti–O bonds. The stability
of the spinel framework is determined by the coulombic
repulsion between cations (Li+) in the 16d sites. In other words,
the more homogeneous the Li-mixing, the more stable the
framework. It can be expected from the present calculations
that the spinel network is retained as a stable one as long as the
substituting cation compensates the charge and has the ionic
radius that the 16d sites can accommodate. Currently, only LTO
and NTO are available as alkali spinel titanates, in which Li,
a rare element, is used as the mixing cation. A further benet is
gained from the viewpoint of resource issues and industrial cost
if we succeed in replacing Li with Na, an abundant element. The
DFT calculation (Fig. S31†) suggests that a titanate, in which Na
33514 | RSC Adv., 2020, 10, 33509–33516
(ionic radius 102 pm) is mixed in the 16d sites, forms the spinel
framework. Replacing Li+ in the 8a sites with Cu+ (60 pm) or Ag+

(100 pm) can also retain the spinel structure. On the other hand,
inserting K+ (137 pm) in the 8a sites destroys the structure,
indicating that the maximum ionic radius that can be accom-
modated in the 8a sites lies somewhere between the size of Ag+

and K+. Examining the stability of the spinel framework in this
way, one can explore and design new functional materials.

The difference in the slope between LTO and NTO shown in
Fig. 3(c) is explained as follows. The coulombic repulsion
potential is expressed as:

Erep ¼
Xall Li pair

i;j

AzLi
2

rij
: (5)

If we assume the valence of Li, zLi, in the 16d sites is + 1.0,
constant A is identical to the slope a in eqn (4), i.e., 7.49 and 7.07
Å eV for LTO and NTO, respectively, which translate into
apparent specic permittivity of 1.92 and 2.04. Namely, the
lithium ions in the 16d sites repel each other as if they were in
the matrix of this apparent permittivity, which is not an
observable property of matter. It is reasonable, nevertheless,
that the apparent permittivity for NTO is greater than that for
LTO. The high permittivity of barium titanates, which are strong
dielectrics and represent substances with perovskite structures,
stems from the displacement of oxide ions and titanium cations
from the ideal Wyckoff positions.67–71 In addition, in LTO and
NTO, the O2� anions are displaced from the Wyckoff positions,
the extent of which is proved from experimental and theoretical
considerations.17,18 The difference in the apparent permittivity
between LTO and NTO can be partly explained by the greater
oxygen displacement in NTO. That is, the conguration of the
anions in NTO is less regular than in LTO, resulting in a situa-
tion where the polarization vectors around Li+ hardly cancel
out.
3.3 Local energies of LTO and NTO

The O2� anions are more displaced from the 32e sites in NTO
than in LTO, and the trend is independent of Li-mixing at the
16d sites. While the net stability of the spinel framework is
discussed in Sections 3.1 and 3.2, we now deal with the local
stability resulting from the oxygen position. The local energy of
the structures belonging to the top ten (Fig. 5 and 6) was
analyzed, and the results are shown in Fig. 7. The difference in
the local energy between LTO and NTO is insignicant, which is
surprising when considering the greater local distortion and the
greater variance in the bond length in NTO caused by the oxygen
displacement. However, as discussed in Section 3.2, the stability
of the spinel structure is explicable in terms of the repulsion
between Li+ in the 16d sites, and the coordinate Ti–O bonds are
deemed identical in LTO and NTO. Although the structure (or
symmetry) is more disrupted in NTO than LTO, the coordinate
bonds nearly equally stabilize their structure, of which the total
stability is determined by the inter-ionic interaction so that the
energetics are insensitive to local disruption. The oxygen posi-
tion in LTO and NTO has a high degree of freedom, serving as
an absorber against structural distortion. The cycle stability of
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Local energy of oxygen atoms for the optimized top ten stable
structures of Li4Ti5O12 and Na3LiTi5O12. LTO-1 and NTO-1 (LTO-10
and NTO-10) indicate the most stable (the 10-th stable) models. The
abscissa is the site index of oxygen (73 to 168) of the total 168 sites in
the superlattice of Li4Ti5O12 and Na3LiTi5O12 used in the present study.
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LTO as an active electrode material for the Li-ion batteries was
described in the previous study.11 Our previous study examined
the stability of NTO as an active material for the Na-ion
batteries.18 This stability stems from the spinel structure of
LTO and NTO. As for the stability of the spinel electrode
materials other than LTO and NTO, the material Li8a(Lix-
Mn2�x)

16dO4, in which a part of the 16d sites was occupied by Li,
more stably retains its spinel structure than the regular
composition LiMn2O4.43 We have recently suggested the
importance of the Li-substitution in the 16d sites for NTO to
retain the spinel structure.16 The partial substitution of Li in the
16d sites in the spinel network thus plays an important role in
maintaining the structural stability of the electrode during the
charge and discharge cycles. The statistical analysis of the Li-
substituted models in the present study is relevant to consid-
ering its stability as an active electrode material. In the present
study, we examined the spinel Ti–O framework in the material
to nd that the difference in its stability between LTO and NTO
is insignicant. Hence the difference in the redox potential of Li
and Na, the former is lower than the latter, should be almost
directly reected in the electrode potential of LTO and NTO.
4 Conclusion

We investigated how Li congurations partially replacing Ti in
the 16d sites of alkali titanates (LTO and NTO) inuence the
structural stability based on DFT calculations, statistical treat-
ment, and local energy analysis. The stability (total energy) of
alkali titanates is linearly well-correlated with the sum of the
reciprocal distance between Li in the 16d sites with R2 > 0.96.
This suggests that the stability of the spinel titanate framework
is described by the coulombic repulsion between themixing Li+;
hence, the sum of the inverse of Li–Li distance is a good
descriptor for predicting the stability of these materials. The
distinction between LTO and NTO shows up in the apparent
This journal is © The Royal Society of Chemistry 2020
relative permittivity from the slope of the linear relationship
and in the matrix where Li+ repels each other, as 1.92 and 2.04
for LTO and NTO, respectively, in which the greater displace-
ment of O from the 32e sites in the latter is presumably re-
ected. The local energy analysis suggests, however, that there
is no signicant difference between LTO and NTO. Thus, it can
be concluded that the spinel framework of alkali titanates
tolerates a certain degree of destabilization, alluding to
a diversity in stable spinel structures. In effect, a material in
which Na, instead of Li, is partially substituted for Ti is calcu-
lated such that it should retain its structure. The present study
proves that investigating the stability of the spinel framework is
crucial for replacing the rare element Li with an abundant
element.
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