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ABSTRACT

Sodium hexatitanate Na>Ti¢O13 with a tunnel structure has been proposed to be an
attractive anode material for lithium ion batteries because of its low insertion voltage,
structural stability and good reversibility. In order to obtain a full understanding of the
properties of this titanate, a combination of in situ synchrotron X-ray diffraction,
neutron diffraction and 'Li MAS solid-state NMR spectroscopy is used in the present
work. During the first insertion stage (centered at 1.3 V) lithium is allocated in square
planar LiO4 2¢ (Lil) sites, minimizing electrostatic repulsion with Na ions. During the
second lithium uptake (centered at 1.1 V), Li ions pass from 2c¢ to empty 4i (Li2) sites
of y/b = 0.5 planes, near Ti’" cations. Distribution of Li* and Na* ions with respect to
Ti** cations was deduced from Fourier map differences (Rietveld technique) and NMR
quantitative analyses in LiNa;TicO13 and LioNa,TicO13 samples. 'Li MAS-NMR
analysis showed that Li ions occupy three fourfold coordinated sites with reasonable
Li*-O-Ti** bond distances, while Na cations remain at eightfold coordinated positions
near Ti*" cations as deduced from **Na MAS-NMR spectroscopy. 'Li MAS-NMR
recorded at increasing temperatures suggests that Li ions move along sinusoidal paths to
reduce Li-Na electrostatic interactions. Li mobility along the b-axis is favored by partial
occupation of interstitial 4i sites (Li3) located at both sides of Na cations in y/b = 0
planes. In lithium inserted samples the most probable - Lil(2¢) — Li3(4i) — Lil(2c¢) -
conduction paths were deduced. However, formation of Li pairs at y/b=0 planes (Li2
sites), where Li ions are located near Ti*" cations, reduce the amount of mobile Li ions
that participate in conduction processes. Proximity of lithium to Li and Na ions limits

insertion to ca. 2 Li ions per structural formula.



1. Introduction

Though graphite-based materials are desirable as anodes in LIBs in terms of energy
density, formation of SEI film and lithium plating, owing to the low intercalation
potential, may lead to serious safety concerns. The resulting growth of dendrites and
internal short-circuits may end in rapid aging of the device, fire or explosion of the
battery.""® In this connection, the high potential titanium oxide-based anode materials
with inherent high safety and chemical compatibility between electrode and electrolyte
are expected to overcome these problems. When these materials are used in conjunction
with high voltage cathodes” safer Li* ion systems are produced avoiding the risk of
lithium dendrite formation.!®!" LisTisO12 (LTO) spinel oxide is currently the most
successful material due to its significant reversible capacity of 175 mAh g~! and long
cycle life.!*!5 In the present context of exhaustive research on new anodes for safer
lithium-ion batteries, other titanium oxide-based materials have been proposed as

1617 and alkali titanates of general

potential anodes. Several polymorphs of TiO:
formula A>TinO2+1 (n = 3-9; A = Li, Na, K) with typical operating voltages in the 1.0—
2.0 V range are being considered as potential anodes.!®?! In previous works, the
electrochemical and structural characteristics of the A>TisO13 series (A= H, Li and Na)
have been investigated.?>>* The crystal structure of Na,TisO13 is built up of corrugated
chains of triple edge-shared TiOs octahedra units with approximately rectangular
tunnels, in which Na atoms are eightfold coordinated.?>*® The insertion of up to ca. 3
Li" ions has been experimentally demonstrated following two main voltage-composition
stages at about 1.35 and 1.12 V vs. Li"/Li as determined from cyclic voltammetry,

delivering 150 mAh g!. 2% Figure 1 shows a typical electrochemical galvanostatic

voltage-composition curve for Na;TicO13 vs. Li'/Li.
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Figure 1. Electrochemical galvanostatic cycling of a Na;TisO13//Li battery at C/10 rate
per inserted Li* ion. Inset: Incremental capacity curve (dV/dx)~!' showing the presence

of two main electrochemical features.

The incremental capacity curve (inset) shows two reversible peaks at 1.34 and 1.10 V
vs. Li*/Li for the higher and lower insertion stage, respectively. It has been suggested
that a certain irreversible capacity occurring during the low potential stage of lithium
insertion is responsible for a lower reversible capacity upon cycling with ca. 2 reversible
Li* ions. ' Y. Wang et al. ?’ recently reported theoretical calculations predicting
intercalation potentials of 1.20 V and 0.89 V. Dominko et al.! suggested that lithium
insertion in NaxTisO13 occurs in three domains in the 1.5-1.0 V range including two
solid solutions up to x = 1, ending up with a biphasic transition for x > 1. In that work
evolution of lattice parameters in the solid solution range up to the lithium composition

x = 1 was presented; however the phase for x > 1 has not been identified so far. Li et



al.?® supposed instead a single phase reaction (solid solution) throughout the entire
lithium insertion reaction in the 3.0-0.0 V range. However, precise structural
information may be missed in Li’s study because of the fast cycling rates used during
their in situ XRD measurements (discharge in 5 hours, with an estimated poor tgischarge/
tdata collection ratio = 10). On the other hand, the structures of lithiated Na;TicO13
compounds have not been solved to date.

For the reasons described above, we aimed at studying the insertion of lithium into
NaxTisO13 in a lithium battery during operation (operando) using synchrotron X-ray
diffraction. Careful analysis of diffraction data enabled us to follow in detail the
structural evolution during lithium insertion in Na>TiO13. Furthermore, high resolution
neutron diffraction was used to solve the structures of lithiated Na,TicO13 compounds.
Finally, location and mobility of Li* and Na" ions was investigated by means of neutron

Fourier map differences and solid-state 'Li and 2*Na MAS-NMR spectroscopy.

2. Experimental Section
Microcrystalline NayTicO13 was prepared following the modified sol-gel method
previously reported.?’ A 1:1 solution of Ti(C4HO)s (p=0.881 g/mL, >97.0%, Aldrich) in
1-butanol (p=0.81 g/mL, 99.5%, Scharlau) was dropwise added to the stoichiometric
amount of a 1M NaOH aqueous solution under continuous stirring. The resulting
solution was heated at 100°C until a suspension was obtained and finally freeze-dried
(0.005 mbar and —49°C for 48 h). The as-obtained powder was ground and heated at
925°C for 36 h in air.

LixNayTisO13 samples suitable for neutron powder diffraction were prepared by
chemical lithiation of the NaxTisO13 powder with n-butyllithium (1.6 M in hexane,

Aldrich). The Na;TisO13 powder (3-4 g) was first mixed with freshly distilled hexane,



and n-butyllithium was slowly added while stirring the mixture. Two LixNa>TicO13
samples with nominal compositions x = 1.0 and 2.0 were intended using the
corresponding stoichiometric amounts of n-butyllithium. After the reaction mixtures
were stirred for 3 weeks at room temperature, samples were filtered, washed repeatedly
with hexane and finally dried. All sample preparations were carried out in an argon-
filled glovebox to prevent reaction of the lithiated compounds with air and moisture.
The effectiveness of chemical lithiation is illustrated by a progressive color change from
greyish-blue to dark blue-black. Metals contents of the two lithiated samples were
checked by Inductive Coupled Plasma (ICP-OES) spectrometry (Perkin Elmer 3300
instrument) and seen to be x = 0.8 and x = 1.7, lower than those from nominal
compositions.

Positive electrodes were prepared by mixing Na>TisO13 with conductive carbon black
(Super C65, Imerys, Timcal) and Kynarflex (Elf Atochem) binder in a 65:30:5 weight
ratio and pressing the mixture into 8§ mm diameter pellets, followed by drying overnight
at 80°C. The active part of the cell was composed of positive electrode, glass fibre
separator (Whatman) soaked with 1 M LiPFs in ethylene carbonate and dimethyl
carbonate (1:1 Vol%) as electrolyte and Li metal as negative electrode, assembled in
CR2032-type coin cells. Galvanostatic discharge-charge experiments were run at C/10
rate per inserted Li" ion using a MacPile II (Biologic Co. Claix, France)
potentiostat/galvanostat. For in situ measurements the active stack is inserted between
two circular thin aluminum foils (50 um), which were used for both electrodes as
current collector widely transparent to high intensity synchrotron X-rays. We decided in
favor of aluminum avoiding completely the use of highly toxic beryllium. Here both the
negative and positive casings and the stainless steel spacer disk of the coin cell were

provided with circular centred holes (3 mm and 5 mm, respectively) previous to the



assembly of the electrochemical cell inside an Ar-filled glove box. Further details
regarding coin cell construction and beamline setup can be found in ref. 3°. The
electrochemical galvanostatic experiment was controlled with a MPG-2 multichannel
galvanostat-potentiostat. The Na>TicO13//Li cell was discharged to a cut-off voltage of
1.0 V vs. Li"/Li with a current density of 3.0 mA/g (corresponding to a C/17 rate). At
mid charge state, charge was completed with a higher current density of 5.0 mA/g (C/10
rate) to the end of charge of the cell. This configuration ensured synchrotron X-ray data
of a complete discharge-charge cycle were collected. Compared to NayTisO13//Li cells
discharged in conventional ex sifu coin cells, no significant changes of voltage, shape of
discharge-charge curves or capacities were observed indicating that the data collected
under this in situ regimen represents the electrochemical behavior of NayTicO13
electrodes in conventional lithium half cells.

Operando synchrotron XRD experiments were performed on the beamline BM20 at
the Helmholtz-Zentrum Dresden-Rossendorf at ESRF (Grenoble, France) Transmissions
geometry was chosen, going the beam through all the layers of the in situ cell. The
wavelength was 0.49000(5) A throughout the whole experiment, selected by means of a
double-crystal Si(111) monochromator. XRD data were collected continuously in the
range 2-36° in 7 minute acquisitions throughout a complete charge-discharge cycle. The
experimental ratio full discharge time/acquisition time > 300 (tdischarge/tdata collection=
2322 min/7 min = 332) guaranteed that highly reliable data with negligible Ax for each
diffraction pattern were collected throughout all electrochemical measurements. As the
beam is going through all layers in the battery, additional Bragg peaks from lithium and
aluminum (two windows between which the active cell is placed) are generated. The 26
regions where these peaks occur can be eliminated by comparing the whole pattern

obtained in the in situ cell with the pure pristine phase. Figure S1 (Supplemental



Information) shows the full measured 26 range, in which the positions of the extra
Bragg peaks are marked. The absorption of the sample is taken into account using the
correction factor for flat-plate samples in transmission geometry. For a correct
refinement of data, we followed a protocol similar to the one given by M. Bianchini et
al.3!. At first zero-shift was determined using the pristine Na,TicO13 with well-known
unit cell parameters. Secondly, this zero-shift parameter was used and fixed throughout
all subsequent refinements. In table S1 (Supplemental Information) results of
refinements of pristine Na>TisO13 from data collected in capillary and those available
from previous reports are compared with actual results using the in situ cell. All data
treatments were performed using the Fullprof program.>?

High resolution neutron powder diffraction (NPD) was performed at SPODI (Heinz
Maier-Leibnitz source FRM 11, Garching, Germany). All sample compositions x =0, 0.8
and 1.7) were measured at 300 K in the range 3-150° using the wavelength 1.5484 A
selected with a Ge(551) monochromator. Samples were loaded in argon atmosphere in
airtight vanadium cans sealed with indium O-rings to prevent them from reaction with
moisture and air. Rietveld refinement**** was performed using the Fullprof program.?
The negative neutron scattering length factor of Li increases considerably the contrast
with respect to light Na and O atoms, enabling Fourier density map investigations
addressed to localize Li atoms. Fourier density difference maps were built using the
GFourier package incorporated in Fullprof.*?> The coherent neutron scattering lengths
used were: Ti: —3.438 fm; Li: —1.90 fm; Na: +3.63 fm and O: +5.80 fm.*> Bond valence
sum maps were calculated utilizing the BVS Mapping package incorporated in
Fullprof.*? Structural models were visualized using the Vesta software.*

2Na and Li NMR spectra were recorded at room temperature after single pulse (3

ps) irradiation of samples in an Avance-400 Bruker spectrometer working at 105.4, and



155.45 MHz respectively (external magnetic field, 9.4 T). In MAS (magic angle
spinning) experiments, the rotor was of Andrew type and the spinning frequency 10
KHz. The recycling delay used in accumulations was 10 s. Signal/noise ratios better
than 50 were obtained by increasing the amount of accumulations above 100 and 50,
respectively. Filters used on recording central components were 100 kHz, but those used
in recording spinning sidebands patterns were between 300 and 2000 kHz. The analysis
of NMR spectra was carried out with the Winfit (Bruker) software. From spinning side
band patterns, quadrupole constants Cq and n of different components were estimated
by trial and error procedures. From the fitting of experimental envelopes, relative
intensities of different components were estimated.

Li insertion produces the reduction of titanium cations, increasing paramagnetic
interactions between Li* and Ti** cations. Paramagnetic interactions increase with
magnetic field and decreases with temperature. In general, isotropic contact interactions
are responsible for detected shifts and dipolar interactions for observed broadening of
powder NMR components.®” In the last case, all possible orientations of crystallites with
respect to the external magnetic Bo increase the paramagnetic broadening of NMR
signals. The sample rotation averages paramagnetic interactions; however, the full
cancellation was difficult to achieve in MAS experiments. 'Li MAS NMR experiments
were performed at increasing temperatures from room temperature to 140° C with steps
of 20° C. Before recording NMR spectra, a stabilization of 5 min. was used for all
temperatures. To verify the reversibility of the process, the spectrum at room

temperature obtained after cooling was also recorded.



3. Results

As described above in Figure 1, a common characteristic of NayTicO13 is a two-stage
lithium insertion process in the 1.0-1.5 V range, exhibiting two voltage regions, a higher
one around 1.3 V vs. Li*/Li and a lower one around 1.1 V vs. Li*/Li.

In situ evolution of the Na:TicO13 electrode during lithium insertion.

The structural changes of the Na>TicO13 electrode during galvanostatic cycling in the
3.0 - 1.0 V potential range have been investigated by operando synchrotron X-ray
diffraction measurements. Figure S2 (Supplemental Information) shows the complete
set of synchrotron XRD patterns collected in the 3-19° diffraction range throughout the
first discharge - charge cycle as two-dimensional contour diagram. The reversible
evolution of Bragg peaks throughout the discharge-charge cycle confirms the
reversibility of structural changes. Figure 2 shows the synchrotron XRD patterns
collected upon insertion of lithium in Na>TisO13 during the galvanostatic discharge
stage. Selected compositions and their corresponding XRD patterns are highlighted with
colored spots. These are pristine NaxTisO13 (black) and LiosNa>TisO13 (blue); hereafter
it is shown that they correspond to the single-phase domain; Lii¢Na>TicO13 (red) and
Li»4NaxTisO13 (green); hereafter it will be shown that they correspond to initial and
advanced state of the biphasic domain. A continuous shift of diffraction peaks (labelled
P1 in Figure 2) is observed in the range 0<x<1.5, characteristic for a single phase solid
solution mechanism. In this compositional range careful analysis of characteristic serial
reflections (4£00), (0k0), (00/) of the monoclinic cell shows that (002) and (020)
reflections (Figures S2 and 2) are continuously shifted to lower diffraction angles
during lithium insertion up to x=1.5, in agreement with the increase observed of both ¢
and b parameters portrayed in Figure 3. On the other hand, (-201) and (-202) reflections

(Figure S2) are sensitive probes to variations of the monoclinic £ angle, consistent with
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a decrease of the S angle (Figure 3). Interestingly, this trend is opposite to that found
during insertion of Na in Na;TiO13.® Finally notwithstanding the slight continuous
shift of the (200) reflection (Figure S2) to lower diffraction angles during lithium
insertion, the a parameter remains practically unaltered. This is the result of the
combined effect of both decreasing d spacings of (4£00) lattice planes and decreasing
monoclinic angle, owing to the mathematical expression for the monoclinic system:
cos(90-p) =d{100}/a or a=d{100}/cos(90-p) (1)

For compositions x > 1.5 diffraction peaks of the pristine NaxTisO13 or single domain
LixNa>TicO13 lose intensity, while new one starts growing. This is especially noticeable
in Figure 2 for diffraction peaks (labelled P2 in Figure 2) with contribution along the b
direction, e.g. (110), (310) and (020). The new single phase found here is described in
the same monoclinic space group C2/m, but with modified unit cell parameters as
shown in Figure 3, in good agreement with predictions from theoretical calculations.?’
Phase transformation was not completed at the end of discharge of the in situ cell.
Overall from NaxTisO13 to LiraNarTicO13 passing through the single phase
Li; sNaxTicO13, the unit cell volume increases from V' = 510.56(2) A3 to 535.65(2) A®
with an overall variation AV/V = +4.9%, which underlies significant anisotropy in cell
parameter variations: Aa/a = -0.3%, Ab/b = +3.2%, Ac/c = +1.6%, AP/ = -2.6%.
Interestingly, the corresponding variations are rather small within the solid solution
domain with a unit cell volume variation AV/V = +1.6%, in which anisotropy is much
less accentuated (Aa/a = -0.09%, Ab/b = +0.58%, Ac/c =+0.8%, Af/=-0.3%). This
observation may explain why excellent cyclability occurs in the solid solution domain,
but capacity fades significantly when cells are cycled in the whole insertion range !
because of a more pronounced stress of the material. It is worth mentioning that cell

parameters of both phases continue to vary in the biphasic domain LiisNaxTisO13 -
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Li»4NaxTisO13, in contrast to the expected behavior (two phases are expected to change
in relative weight throughout the biphasic region with constant amount of lithium in
every phase and hence constant cell parameters). This is well inferred from Figure 2
where the (020) diffraction peak of both phases inversely changes intensity but also
shifts at the same time. This anomalous behavior has been recently described for other

materials as related to particle size, strain or high-rate (non-equilibrium) cycling.**-*!

2=0.490 A

Figure 2. Selected angular regions during insertion of lithium in NayTicO13. Single
phase domain covers x=0 (black) to x=1.5. The intermediate x=0.8 is highlighted (blue).
Beginning of biphasic domain from x=1.6 (red) until end of discharge (x=2.4, green) are

shown. 7.1-9.9° (left) and 14.3-15.7° (right).
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Figure 3. Unit cell parameters of the two monoclinic phases and relative percentage in

weight are presented. Both phases are described in the space group C2/m.

Finally, the phase diagram found and analyzed in this study is given in Figure 4. The
variation of charge Q as a function of Vt obtained by using the potentiostatic intermittent
titration technique (PITT) has been included. It is seen that Q exhibits a linear variation
with Vt in the high voltage insertion stage (1.35 V), characteristic of the solid solution
domain, whereas it clearly deviates from linearity in the low voltage insertion stage

(1.10 V), in full agreement with our operando synchrotron XRD study.
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Figure 4: Voltage-composition curve obtained during lithium insertion in NaxTicO13.
The (galvanostatic) discharge stage was completed while recording 58 7 min. diffraction
scans, whereas the charge was performed while recording 39 7 min. diffraction scans.
The horizontal bar (top of figure) shows the nature of the observed insertion mechanism
and selected compositions are highlighted with colored spots. Solid solution: initial state
(black), intermediate state (blue). Beginning two-phase region (red). End of discharge
(green). The variation of charge Q as a function of Vt for both high and low voltage

insertion stages are inset.

Crystal structures of lithiated compounds LiosNa2TicO13 and Lii.7Na2TisO13. To
assess the Li distribution in LixNa2TicO13, two chemically lithiated compositions, x =
0.8 and 1.7 which correspond to intermediate and nearly end compositions of the solid
solution, were investigated by means of high resolution neutron diffraction. It is worth
noting that the upper Li compositional limit deduced from the in situ XRD study

performed under non-equilibrium cycling conditions (previous section) was slightly
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lower, x=1.5. Preparation of the second phase with higher lithium content (x > 1.7) after

the biphasic region deduced from in situ XRD measurements was not possible, most

likely owing to the lower reduction potential needed for forming that phase (about 1 V

vs. Li'/Li). The crystal data and refinement parameters of LipsNazTisO13 and

Lii 7NaxTieO13 are given in Table 1.

Table 1. Crystal data and refinement parameters for LiogsNa>TicO13 and Lii.7NaxTisO13

obtained from neutron diffraction. Starting Na,TisO13 is included for comparison.

Compound NaxTiO13 LiogNayTisO13 | Lii7NaxTisO13
(from %)

Space group | C2/m (#14) | C2/m (#14) C2/m (#14)

a(A) 15.1032(2) | 15.0905(4) 15.1019(7)

b (A) 3.7437 (1) | 3.7470(1) 3.7679(2)

c(A) 9.1713(2) 9.1780(2) 9.2520(5)

B (°) 99.056(1) 98.992(2) 98.813(4)

Volume (A%) | 512.10(1) 512.59(2) 520.25(4)

Rexp (%) 1.45 1.74 1.78

Ruwp (%) 3.36 3.18 3.90

Rp (%) 2.64 2.51 2.92

> 5.38 3.35 4.79

Rr (%) 2.22 2.85 1.31

RBragg (%) 2.85 4.56 2.15
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As a general consideration, changes in lattice parameters are small, suggesting easy
lithium insertion in line with electrochemical lithium insertion reported for Na,TiO13."”
The moderate changes produced in unit cell parameters of NayTisO13 during lithium
insertion (as determined by operando synchrotron X-ray diffraction) support the
hypothesis that only minor structural modifications occurred in Na;TicO13 during
lithiation. Starting atomic positions for sodium, titanium and oxygen given for
Na,TisO13 2* were used for Rietveld refinements. The corresponding difference Fourier
synthesis maps were calculated using the Na>TisO13 structure (Figure 5a), in which Li
atoms were not included for x=0.8 (Figure 5b) and x=1.7 phases (Fig. 5¢ and d).

For LipsNaxTicO13 (Figure 5b) a single negative peak for Li in the y/b = 0.5 section
was detected at 2¢ (', 72, %) channel sites (labelled Lil). For the sake of completeness
Li sites were validated by probing the simulated annealing technique implemented in
Fullprof.*? After lithium was initially placed on a general xyz site, the convergence was
reached at x=0.48, y=0.48 and z=0.52, near 2c¢ positions. Interestingly Lii 7Na>TicO13
(Figure 5¢) displays two additional negative peaks for Li at 4i channel sites in the y/b =
0.5 section, at coordinates x ~ 0.46 and z ~ 0.14 (labelled Li2), and in the y/b = 0
section, at coordinates x ~ 0.56 and z ~ 0.47 (labelled Li3). The observed negative peaks

Lil and Li2 match with those predicted on the basis of geometric considerations.?*
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Figure 5. The Na;TisO13 framework with the unit cell shown in black (a). Two-
dimensional difference Fourier synthesis maps from NPD patterns at the y/b = 0.5
section of LipgNasTisO13 (b) and Lii7NaxTisO13 at y/b = 0.5 (¢) and y/b = 0.0 (d). The
negative residual nuclear scattering length density at 2¢ and 4i channel sites corresponds

to Li atoms.

In Rietveld refinement models without lithium, only fractional atomic coordinates of
Na, Ti and O atoms were allowed to vary, yielding reliability factors: Ry = 5.51%, Rwp =
7.19%, * = 16.3, Rg = 23.6%, Rr = 16.5% (LiosNa2TicO13) and R, = 4.82%, Ryp =
6.12%, ¥* = 11.8, Rg = 13.6%, Rr = 9.30% (Li1 7Na2TicO13). For LigsNa,TicO13 a single
lithium Lil was introduced at special 2¢ positions (72, 2, 2) and the site occupancy
factor (SOF) was fixed at 1.0. For Li; 7Na>TisO13 additional lithium Li2 and Li3 were
placed at 4i sites with SOF initially fixed at 0.5. The site occupancy (SOF) of the Li
positions was refined with fixed atomic coordinates and isotropic thermal Usis, factors.
In general it was not possible to refine simultaneously the SOF, xyz coordinates and Uss,
for Li. Reliability factors of final refinements are shown in Table 1 and the graphical

results summarized in Figure 6.
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Figure 6. Rietveld refinement plot for neutron diffraction data and the respective
structural model of LiogNa>TicO13 (a) and Lii7Na2TisO13 (b), with observed (points),
calculated (solid line) profiles, and difference on the same scale. The positions of

reflections are marked by vertical bars.

The comparative analysis of NayTicO13, Lio.sNa>TisO13 and Lij.7Na>TigO13 shows that
the basic framework structure is formed by zigzag chains of triple edge-shared TiOg
octahedra, sharing corners between neighboring structural units. This arrangement of
octahedra favors creation of conduction channels along the h-axis, alternating structural
blocks and conduction paths disposed along a and ¢ axis. The structural network, in
which Na and Li ions are allocated at different sites, can be considered extremely rigid,
and structural changes are limited to slight changes in Ti and O positions, Ti-O distances

and Ti-O-Ti angles. To better analyze structural features of these compounds, Rietveld
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analysis of neutron diffraction patterns was performed. In this analysis Li sites and site
occupancies were deduced. Finally, Li mobility was investigated by comparing thermal
B factors deduced from ND and narrowing of NMR components deduced during
heating of samples. The study of "Li and >>Na MAS-NMR signals permits the nature of

charge carriers to be deduced.

Structure of LipsNa>TisO13. The atomic coordinates and thermal parameters of
LiosNaxTigO13 are given in Table 2, and selected interatomic distances are listed in
Table S2. The Li SOF for 2c¢ sites refined to 0.90(3), in good agreement with chemical
analysis. The LiosNa;TisO13 structure, illustrated in Figure S3a, is similar to Na>TicO13.
The TicO13%~ framework built from distorted TiOs octahedra exhibits Ti-O distances in a
wide range from 1.789(6) (Til) to 2.255(7) A (Ti2). The most remarkable characteristic
of the LiosNaxTisO13 structure is the LiO4 planar coordination adopted by lithium,
slightly distorted with Li-O distances ranging from 2.038(2) to 2.335(2) A. This
coordination is unusual for Li atoms in oxides, but was found in the closely related
LizTigO13.2%* LiO4 tetrahedral or LiOg octahedral are not possible in the tunnel space of
NayTisO13, where the shortest Li-Na and Li-Ti (between Lil and Ti2) distances are
2.966(3) and 2.694(2) A (see also Table S3 of Supplemental Information). The
calculated bond valence sum for Li sites was 0.62+, suggesting some disordering
around 2c¢ positions. Indeed the result from the simulated annealing technique used to
locate lithium may hint at a disorder displacement of lithium from 2c¢ sites. In this
compound Na ions are clearly underbonded, 0.63+ compared to the formal valence state

(1+), like in Na,TicO13.24%
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Table 2. Fractional atomic coordinates, site occupancy factors (SOF) and isotropic

thermal parameters Usis, for Lio s§Na>TicO13; space group C2/m

Atom | Site | x/a y/b | z/c SOF Uisox10% (A?)
Nal 4i 0.4566(3) |0 0.2484(5) |1 1.33(3)
Til 4i 0.1133(3) |0 0.0955(5) |1 0.46(1)
Ti2 4i 0.1682(3) |0 0.4393(6) |1 0.46(1)
Ti3 4i 0.2223(3) |0 0.7663(5) |1 0.46(1)
01 2¢ 0 0 0 0.5 0.48(1)
02 4i 0.2442(2) |0 0.2472(3) |1 0.48(1)
03 4i 0.0704(2) |0 0.2912(3) |1 0.48(1)
04 4i 0.2910(2) | 0O 0.57153) |1 0.48(1)
05 4i 0.1269(2) |0 0.6118(3) |1 0.48(1)
06 4i 0.3574(2) |0 0.8817(3) |1 0.48(1)
07 4i 0.1625(2) |0 09131(3) |1 0.48(1)
Lil 2¢ 0.5 05 |05 0.80(3) | 1.6

Structure of Lii.7Na:xTisO13. The atomic coordinates and thermal parameters of
Li; 7Na;TisO13 are summarized in Table 3 and selected interatomic distances provided
in Table S4 (Supplemental Information). The refined Lil SOF at 2¢ site was 0.88(1),
while Li2 and Li3 ones (both at 4i sites) were 0.41(1) and 0.15(1), consistent with the
chemical composition. The framework structure of Lii7NaxTicO13 in Figure S3b is
similar to that of LipsNa>TisO13. When going from LiosNa2TicO13 to Lii.7NaxTiO13, Ti
and Li polyhedra become more symmetrical. The range of Ti-O distances becomes
narrower being now comprised between 1.848(6) (Til) and 2.148(7) A (Ti3).
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Table 3. Fractional atomic coordinates, site occupancy factors (SOF) and isotropic

thermal parameters Uis, for Li2Na>TisO13; space group C2/m

Atom | Site | x/a v/b | z/c SOF Uisox10% (A?)
Nal 4i 0.45713) |0 |0.2419(4) |1 1.60(2)
Til 4i 0.1141(3) |0 |0.1020(5) |1 0.62(1)
Ti2 4i 0.1698(3) |0 |0.4258(6) |1 0.62(1)
Ti3 4i 0.2274(2) |0 |0.7617(4) |1 0.62(1)
01 2¢ 0 0 |0 0.5 0.58(1)
02 4i 0.2412(2) |0 ]0.25233) |1 0.58(1)
03 4i 0.0653(2) |0 ]0.2997(3) |1 0.58(1)
04 4i 0.2930(2) |0 |0.5714(3) |1 0.58(1)
05 4i 0.12342) |0 |0.6142(3) |1 0.58(1)
06 4i 0.3578(2) |0 |0.8809(3) |1 0.58(1)
07 4i 0.1708(2) |0 ]0.90993) |1 0.58(1)
Lil 2¢ 0.5 0.5 1]0.5 0.82(2) |5.02)
Li2 4i 0.445(1) 0.5 [ 0.171(1) 0.31(1) | 1.1(2)
Li3 4i 0.591(2) 0 |0.462(3) 0.13(1) |2.8(4)

The bond valence sums for the three Ti sites in NaxTisO13 were +4.205 for Til,
+4.124 for Ti2 and +4.154 for Ti3, consistent with the formal valence of +4 for all Ti
atoms (see also Table S5). For lithiated Li; 7Na2TicO13 bond valence sums were +3.747
for Til sites, +3.928 for Ti2 sites and +4.289 for Ti3 sites. These results suggest the
location of Ti*" at central Ti2 and Ti*" cations at external Til sites. The decrease of the

oxidation state of Ti decreases Ti-Ti repulsions. Interestingly, Li2 atoms adopt strongly
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distorted LiO4 square planar coordinations in Lij7NaxTisO13, with Li-O distances
ranging from 1.834(2) to 2.277(2) A. The Li2 site found in Li;7Na:TicO13 is nearly
identical to Li positions reported in Li Tis013.22?** The Li3 adopts a LiOs square
pyramidal coordination, with Li-O distances ranging from 1.718(2) to 2.402(2) A. Li et
al. indicated that additional intercalating lithium would likely reside in this fivefold
coordinated site (4i), shifted from the center of the tunnel, or in the central site (2d)
between the two sodium atoms.”® We probed placing Li in 2d (%, 0, '), however
structural refinements were not stable. This result was expected, inasmuch as lithium
placed in the central tunnel site would produce inappropriate Li coordination, exhibiting
a square prismatic LiOs coordination with large Li-O distances (2.75-2.98 A) and short
Li-Na distances of 2.24 A. The calculated bond valence sums for the Li sites were 0.71+
for Lil, 0.97+ for Li2 and +0.84 for Li3. Table S3 (Supplemental Information) shows
that the Lil-Ti2 distance is 2.754(5) A compared to 2.694(6) A in LiosNaxTicO13, with
the shortest Li-Ti distance (between Li3 and Ti2) being 2.280(9) A. While Lil-Na and
Lil-Li2 distances remain at large 2.931(3) and 2.952(2) A, partially occupied Li2 sites

exhibit significantly shorter distances of 2.012(2) A to Na.

MAS-NMR spectroscopy

23Na MAS-NMR spectra. In 2*Na (I=3/2) MAS-NMR spectra central (1/2,-1/2) and
satellite (3/2,1/2) and (3/2,1/2) transitions are modulated by spinning side bands (ssb)
produced by the sample rotation (spinning rate, 10 kHz); however, in Na,TicO13 satellite
transitions were hardly detected because of polyhedra distortions and cation disorder
(Figure 7a). In our samples, differences on quadrupolar interactions enlarge side bands
beyond its detection, impeding the analysis of first order quadrupolar patterns. A deeper

analysis of the central transition shows the presence of several resolved maxima
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separated by hard discontinuities that are associated with well-defined electric field
gradient components at Na sites. The simulation of experimental profiles with second
order quadrupolar interactions showed that the experimental profile can be reproduced
with Cq = 2.7 MHz and n = 0.7 quadrupolar constants. Important deduced values are
due to the shift of Na ions from polyhedra centers. The chemical shift deduced after
correction of quadrupolar shift effects, -12.2 ppm, agrees with the eightfold
coordination deduced by neutron diffraction analyses. In deconvolution of spectra the
intrinsic linewidth used in spectral fitting was small (Em ~ 5), indicating in agreement

with ND patterns that the chemical environments of Na are well defined.

23Na MAS NMR TUMASNMR 06 95
L, Na,Ti0;, Li,Na,Ti,0,,
M \
v v\%\ LiNa,Ti.0,, | / \\ LiNa,Ti,0,,
ottt v \W\\”\/MWNMW _N______,/ 0.4¥m
Na,Ti,0,, Li,Ti,0,,

0 20 0 20 40 6 8 -0 60 4 20 0 20 4 -6
ppm ppm

Figure 7. a) The central transition of the 2Na MAS-NMR spectrum of Na,TisO13 and
the lithiated phases recorded at 9.4 T; b) The central transition of 'Li MAS-NMR
spectra of lithiated Na>TisO13 phases. The Li exchanged LixTisO13 compound has been

included for comparison.

In LipsNa>TicO13 (Figure 7a) some loss on definition of second order quadrupolar

interactions in the sodium central component of spectra was produced, suggesting the

presence of some paramagnetic broadening. The **Na MAS NMR spectrum of
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Lii7NaxTigO13 in Figure 7a shows an additional broadening that precludes the
identification of quadrupolar patterns.

Li MAS-NMR spectra. In ’Li (I=3/2) MAS-NMR spectrum, sidebands patterns of
inserted Li are better defined than in sodium spectra. To improve experimental
resolution, 'Li MAS-NMR spectra of three samples were recorded (Figure 7b). In this
case, the central (1/2,-1/2) transition was formed by a single component and satellite
(3/2,1/2) and (-3/2,-1/2) transitions formed by a big number of spinning side bands that
cover a larger region (Figure S4, Supplemental Information). The experimental ’Li
MAS-NMR spectra of the Li exchanged sample, Lii.7TisO13, was included for sake of
comparison.

The spectrum of LipgNa>TicO13 in Figure 7b shows a single component at 0.36 ppm,
with a 6.64 ppm linewidth. Quadrupolar Cq constant and asymmetric 1 constants were
108 kHz and 0.7 (Figure S4a). As lithium insertion progresses the spectrum changes
dramatically, remaining the signal observed at 0.39 ppm for LiosNa>TisO13 and
appearing two new components at -9.5 and 38.3 ppm, which are shifted by
paramagnetic interactions (Figure 7). The analysis of ssb patterns was difficult due the
simultaneous presence of quadrupolar and paramagnetic contributions. In the case of Na
cations, chemical shift values are not affected by interaction with Ti** cations (Na-Ti
distance >4.5A).  The use of high magnetic fields enhances paramagnetic
interactions, favoring the differentiation of lithium ions bonded to octahedral Ti** and
Ti*" cations. Taken into account BVS results (Table S4) deduced in refinements, the
location of Ti*" at central Ti2 and Ti*" cations at external Til sites seems to be produced.
From this fact, paramagnetic interactions on external Li2 sites, sharing oxygen atoms
with Ti*" cations, will be higher than in Lil sites, where oxygen is bonded to Ti*'

cations.
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Figure 8. Crystal structure of Lii7Na;TisO13 viewed along the [010] direction. Green
and red spheres denote central Lil and external Li2 at y/b = 0.5. Li3 in square
pyramidal coordination located at the y/b = 0 section is depicted as yellow sphere.
Possible diffusion pathway of mobile lithium ions as deduced from BVS isosurfaces

(yellow) is overlaid on the structure.

In Li-O-Ti*" associations, Ti*" cations modify the charge of oxygen atoms, affecting
the electron density in 1s orbitals of lithium. This makes isotropic chemical shift values
of lithium to change, improving Li species resolution. In shifted components, a dipolar
paramagnetic broadening enlarges components, reducing experimental resolution of two
Li2 sites at -9.5 and -11 ppm. An analysis of Li environments shows that Li2 ions can be
subjected to 1 or 2 Ti*" paramagnetic interactions. Based on Ti-Li distances we have
assigned two detected components to these two environments in Figure 8. Different
coordination of lithium affects electron density at 1s Li orbitals. The assignment of the
~+40 ppm signal is more difficult because of its positive chemical shift value. To
understand different charge density associated with Li3 ions, we have analyzed other Li

sites detected by Fourier map differences. In particular, five-fold LiOs coordinated sites
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allocated at the planes occupied by sodium (y/b = 0) could display different features
(Figure 8). The assignment of three Li NMR components to three Li sites is confirmed
by quantitative analysis of NMR spectra. Structural sites occupancy deduced by NMR
spectroscopy coincides with that obtained by Rietveld analysis of ND patterns (Table
S6). Five-fold LiOs coordinated sites allocated at the planes occupied by sodium (y/b =
0) affect Li-O bonds characteristics (Figure 8). Moreover, arrangement of Ti** cations
with respect Li3 differs considerably from that adopted with respect Li2 ions, what
could cause differences detected on paramagnetic shifts detected in both Li signals. To

better explain these differences additional work is required.

Li mobility. The temperature dependence of Ti** magnetic moments makes the study of
Li MAS-NMR spectra with temperature necessary. In samples heated at increasing
temperatures, smaller changes detected on the position of 'Li MAS-NMR components
have been ascribed to changes of paramagnetic interactions (temperature dependence of
Ti** magnetic moments), and bigger changes to Li motion averaging. This analysis was
performed on LipgNa>TisO13 and Lii 7Na2TisO13 lithium inserted samples.
Lip.sNa;Tis013. Figure S4 shows the 'Li MAS-NMR spectra of LiosNaxTisO13
recorded at increasing temperatures. Up to 110°C chemical shift of the Li signal remains
practically constant at 0.4 ppm, observing a slight decrease on the linewidth of this
signal (from 6.4 to 5.6 ppm). This component was ascribed to Lil ions at 2c sites, far
from paramagnetic Ti*" centers, and located at the centre of conduction channels. The
thermal evolution of 'Li MAS-NMR spectra suggests that mobility of Lil species is
rather low. Similar conclusions were deduced from >Na MAS NMR spectra.
Li;.7Na;Tis0j13. The *Na MAS NMR spectrum of Li>Na>TicO13 shows an important

paramagnetic broadening, however changes produced during heating were limited. In Li
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inserted LioNa>TicO13, besides the Lil signal ascribed to 2c¢ site, two new shifted
components at ~-10 and +40 ppm have been ascribed to Li2 and Li3 ions with different
disposition with respect Ti** centers.

To analyze Li mobility, the temperature dependence of three detected components has
been investigated (Figure 9a). The Li;.7Na,TicO13 sample used here corresponds to that
used previously in ND experiments. The 'Li MAS-NMR profile differs slightly from
that described previously, indicating some dependence of site occupancies with thermal
history. The linear variation observed on position of three components with inverse
temperature has been ascribed to the decrease of paramagnetic interactions. From
measured slopes it is possible to deduce hyperfine constants describing these
interactions. The variation deduced for ~ -10 and +40 ppm components display different
sign and slope, indicating that paramagnetic interactions differ, as discussed previously,
in two environments (Figure 9b). Values of chemical shift, half height linewidth and
area of each component are given as a function of the inverse temperature in Table S7.

The variation of linewidth of the three components differ considerably (Figure 9c).
The linewidth of the Li3 component decreases considerably above 300K, indicating the
onset of important motions that averages quadrupole Li-network and dipolar Li-Li and
Li-Ti*" interactions. Changes observed in linewidth of Lil and Li2 ions are considerably
lower, indicating a lower mobility. The temperature dependence of relative areas of
three components displays considerable differences for three Li species (Figure 9d).
Below 300K the amount of Lil species decreases at the expense of Li3 content;
however, for higher temperatures Li3 decreases, favoring the increment of (Lil+Li2)

populations.
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Figure 9. a) Evolution of 'Li MAS-NMR spectra at increasing temperatures, Variation
of b) position, c¢) line-width and d) relative area of three detected Li MAS-NMR

components vs. inverse temperature.

In the case of the Li2 component, its position departs from the linear prediction above
120°C, suggesting the onset of more important motions that average paramagnetic
interactions. Deconvolution of Li MAS-NMR spectra shows the existence of local
exchange between Lil and Li2 at 130°C, being its motion much less effective than Li3

species at this temperature.

4. Discussion

The allocation of Li in the structure of Na,TisO13 requires reasonable Li-O bond
distances and the minimization of electrostatic Li-Na and Li-Li repulsions. The lithium
inserted at 1.4 V (x = 0.8) occupies Lil(2c) sites, allowing a suitable Li coordination
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while electrostatic repulsions remain low. The partial filling of empty Li2(47) tunnel
sites is produced at 1.1 V during extensive lithium uptake (x > 1). In this case, the
reversible Li transfer from the fully occupied 2c¢ site to empty 4i sites allows the
minimization of Li-Li interactions. To alleviate Li-Li interactions, lithium can
alternatively occupy interstitial Li3(4i) sites, where lithium adopts a fivefold square
pyramidal coordination. The proximity of Li3 sites to Na ions in the y/b=0 plane limits
its occupancy. Finally, allocation of lithium at central 2d sites (sodium positions), where
lithium would adopt an unusual LiOg coordination with large Li-O distances, cannot be
produced.

Li motion mechanism. In lithium inserted materials sodium atoms remain at the same
site fixed sites, exerting a target effect, by which incoming Li ions are conducted to
appropriate sites. In the case of Na cations, small chemical shifts in 2Na MAS NMR
spectra suggest that Na cations remain near Ti*" cations. Concerning Li ions allocation,
the overwhelming tetrahedral LiOs4 or octahedral LiOg¢ coordination geometries in
oxides are difficult to achieve in the tunnel structure of Na>TisO13. In this compound Li-
Na repulsions favor allocation of lithium at square planar LiOg sites with reasonable Li-
O bond distances. The stabilization of Na at 4i sites favors the Li to be allocated at 2¢
sites.

Li insertion produces the reduction of titanium cations, increasing paramagnetic
interactions between Li" and Ti** cations. These interactions decrease with increasing
Li-Ti distance, making main changes detected in ’Li MAS-NMR spectra be produced by
Ti** cations at short distances (below 3 A). From this fact, only Ti cations that share
oxygen atoms with lithium (Ti-O-Li associations) will be considered. The Ti*" magnetic
moments are given by the expression

pefi= u2-Bo/3kT (2)
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where pefr is the averaged magnetic moment observed by Li atoms, p is the magnetic
moment of Ti** cations and By and T stand for external magnetic field and temperature.
According to expression (2), paramagnetic interactions increase with magnetic field and
decrease with temperature in NMR experiments.

During the first insertion step (1.35 V), lithium is allocated at square planar Li1O4 (2¢
sites), maintaining low interactions with Na" ions. A schematic distribution of lithium
along conduction paths has been elaborated taking into account results obtained from
Fourier map differences (Figure 10a). Electrostatic Lil-Li2 repulsions makes the
simultaneous occupation of Lil and Li2 sites not favorable in LiNa,TicO13. On the other
hand, the partial occupation of Li3(4i) sites favors Li diffusion along the b-axis,
following sinusoidal - Lil1(2¢) — Li3(41) — Lil(2c) - paths (Figure 10b). In this motion,
residence times at Lil sites are considerably higher than at Li3 sites, making detection
of lithium at these sites difficult.

During the second lithiation step (at 1.1 V), stabilization of two Li ions at y/b=0.5
planes requires some rearrangement of Li ions; in particular, electrostatic Li-Li
repulsions favor the allocation of two Li ions at separated Li2(47) positions (Figure
10b). In this case, isotropic paramagnetic interactions with Ti*" allocated at Til sites are
important, and ’Li MAS-NMR components are shifted from diamagnetic positions.

In Li; 7NasTisO13 allocation of lithium at interstitial fivefold-coordinated Li3(4i) sites
is possible, minimizing Li-Li repulsions. However, in this case Li-Na repulsions
increase, impeding an important occupation of these sites. The partial occupation of
Lil(2c) and Li3(4i) sites favors the mobility of lithium along Lil(2¢) — Li3(4i) —
Lil(2¢) paths. The linear variation of the 40 ppm component position with inverse

temperature, suggests that paramagnetic interactions with Ti*" are also important.
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Concerning signals at ~0.4 and -10 ppm (Li allocated at Lil and Li2 sites), separation
between lines decreases merging together at temperatures near 130°C. The signal at -10
ppm departs from the linear variation with inverse temperature, indicating the existence
of faster exchanges between Lil and Li2 species than between Lil and Li3 species. The
variation of intensity of the three bands shows that the Li3 signal decreases but
(Li1+Li2) increase with temperature, underlining a bad stabilization of lithium at Li3

sites. This fact favors Li motion along the b-axis.

(b) (c) ¢ La )
1 S T T Fs Q -
- o { € L ] P . \ ,l
1OLa_ @5 e - . _ e 9 3
i @ %? @“a'f}“* L.|2 Lit 2 é'?\ | oP -
e o \h‘:(}’: v L A ('}. ™ -‘i}/ e ;
: Li3*®
t g

e - o L

Figure 10. Lithium motion in LixNa>TicO13. The Li sites and diffusion pathway as
deduced from BVS isosurfaces of mobile lithium ions (yellow) overlaid on the structure
along [010] (a). Schematic view of correlated Li motions produced in x = 0.8 (b) and x
= 1.7 (¢). Na atoms have been omitted in (c) for clarity. Key: Octahedral Ti (blue); O

(red); Lil (green); Li2 (red); Li3 (gold).
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In summary, it can be concluded that Na ions force the Li ions to follow a sinusoidal -
Lil(2¢) — Li3(4i) — Lil(2c¢) —path motion through interstitial Li3(47) sites. However,
when the amount of Li increases, Li pairs can be formed at y/b=0, making the mobility
of Li(2c) species lower. This arrangement reduces the amount of charge carriers
involved in conduction processes. Electrostatic Li-Na repulsions impede extended

lithiation of LixNa,TisO13 samples.

5. Conclusions

Operando synchrotron X-ray diffraction measurements were performed to investigate
the lithium insertion mechanism in NaxTicO13. Fourier map differences performed on
ND patterns of pristine and lithiated Na2TicO13 samples allowed Li and Na positions to
be deduced. In LigsNa>TisO13, lithium is located at Lil(2c) sites, but in Lij 7Na>TicO13
lithium resides at Li2 and Li3 (both 4i) besides Lil (2c) sites. In this analysis Ti*" sites
were preferentially allocated at Til and paramagnetic shifts of 'Li MAS-NMR
components were justified on the basis of Li*-Ti’" distances. A careful analysis of
structural information deduced by neutron diffraction made it possible to identify
conduction paths in lithium inserted samples. During the first insertion stage (at 1.35 V)
lithium is allocated at square planar Li1O4 (2¢) sites, minimizing electrostatic repulsions
with Na ions. The filling of Li2(4i) sites, by transfer from 2c sites, starts during lithium
uptake in LipgNa>TicO13. The allocation of two lithium ions at y/b=0.5 planes decreases
Li mobility by increasing correlation effects on Li motions. Long term motions are
favored by partial occupation of interstitial Li3(4i) sites; however, the proximity of Li to
Na ions limits Li insertion to ca. 2 Li ions/ structural formula. In Li;7NaxTicO13
stabilization of lithium at Li2 and Li3 sites is difficult, making that occupation of these

sites remain always partial.
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A model for lithium distribution was elaborated considering Li site occupations
deduced from Rietveld and NMR quantitative analyses in LiogNarTisO13 and
Lii7NaxTigO13 samples. In this model most probable - Lil(2c) — Li3(41) — Lil(2c¢) -
conduction paths were deduced. The Li mobility has been followed by "Li MAS-NMR
spectra recorded at increasing temperatures. The 2*Na MAS-NMR analysis showed that
Na cations always remain at specific sites, but Li ions move along sinusoidal paths to
reduce Li-Na electrostatic interactions. Formation of Li pairs at y/b=0 planes reduces

the amount of mobile Li ions that participate in conduction processes.
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