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Spinel lithium titanate (LTO; LisTisO4p) is one of the promising materials for negative electrodes of
sodium-ion batteries (SIBs). The stable charge—discharge performance of SIB cells using LTO electrodes
depends on the reversible Na insertion—extraction mechanism of LTO, where the spinel lattice is
expanded with Na insertion, and two phases, Na-inserted LTO (Na-LTO) and Li-inserted LTO (Li-LTO)
phases, are generated. These phases are confirmed using X-ray diffraction (XRD), while the mechanism
of the two-phase coexistence with different lattice volumes is yet unclear. Here, we investigate the
detailed morphology of the coexisting Na-LTO and Li-LTO phases using in situ XRD measurements and
high-resolution transmission electron microscopy (TEM) observation. Na-LTO (@ = 8.74 A) and Li-LTO
(a = 8.36 A) phases are confirmed in both the electrochemically formed Na-inserted LTO electrode and
the single-crystalline LTO thin specimen. We observed that the Na-LTO/Li-LTO interface is parallel to
the (001) plane, and contains an inevitable lattice mismatch along the interface, while the expansion of
the Na-LTO phase can be partially relaxed normal to the interface. We observed that the Na-LTO/
Li-LTO interface has interface layers of lattice disordering with a 1-2 nm width, relaxing the lattice mismatch,
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as opposed to results from the previous scanning TEM observation. How the different lattice volumes at the
two-phase interface are relaxed should be the key issue in investigation of the mechanism of Na insertion and
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1. Introduction

Sodium-ion batteries (SIBs) have been widely attracting much
attention as a possible candidate for the alteration of lithium-
ion batteries (LIBs)."” Since there are less resource limitations
for Na than Li, SIBs are more suitable for large-scale applications
than LIBs. Furthermore, Fe->* or Mn-based®® oxide materials
could be used for the positive electrodes of SIBs, which allows
us to construct lower-cost batteries than LIBs. In the studies on
SIBs, a lot of useful materials have been developed for positive
electrodes.”” For the negative electrodes, alloy-compounds'®™ or
hard-carbons™® were examined, however a low cycle durability or
Na-metal deposition under a high reaction rate prevents practical
applications. Thus new negative electrode materials for SIBs with
excellent performance are highly needed.

Spinel lithium titanate (LTO; Li TisO,,) is widely known
as a safe and highly stable oxide for the negative electrode
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of LIBs."*"” Recently, LTO has been investigated as a negative
electrode for SIBs.'®?° A relatively high electrochemical
potential of the Na insertion-extraction reaction in LTO at
0.9 V vs. Na'/Na allows us to prepare a safe negative electrode
without Na-metal deposition. Furthermore, we are able to
prepare a LTO electrode using a less conductive additive,
due to the increment of the electron conductivity during
the reduction reaction,?** which reduces side reactions,
prevents irreversible capacity loss, and enhances the safety
performance.

Recently, we examined the properties of a carbon-free LTO
electrode, as a negative electrode for SIBs, and showed that a
2V-class SIB with the same cell voltage as practical LIBs could
be designed using a LTO/NaFeO, full-cell configuration.”® We
also investigated the poor rate properties of a LTO electrode
with Na insertion and extraction, which were revealed to be
caused by less Na' conduction in the LTO crystal than Li"
conduction. Poor rate properties of Na insertion were also
reported in ref. 20 and 24 and it is significantly important to
settle this issue so that LTO electrodes can be used in practical
SIBs. Therefore, first of all, investigation of the Na diffusion
and local structural evolution during Na insertion into the LTO
crystal is highly needed.
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The bulk mechanism of Na insertion in LTO has been
mainly investigated using X-ray diffraction (XRD) studies,'®>°
and the LTO diffraction peaks were observed to be divided during
the Na-insertion process, suggesting a two-phase generation of
Na-rich LTO (Na-LTO) and Li-rich LTO (Li-LTO;j Li,Ti5O;,). These
two phases with different lattice volumes are formed within the
LTO bulk crystal, and should grow via mass transport through
the two-phase interfaces as discussed in ref. 19. It has been
considered that Na insertion induces the generation of Na-LTO
as (Nag)'®(LiTi5)'*%0y, from LTO as (Liz)**(LiTis)'*'0;, with
substantial lattice expansion due to the larger ionic radius of
Na', and this successively generates Li-LTO as (Lig)'*(LiTi5)'*?0;,
by pushing Li ions into the surrounding LTO within the common
lattice network of (LiTi5)**®0,,, where the symbols ‘8a’, ‘16¢’ and
‘16d’ indicate cationic sites in a cubic spinel structure of the
space group Fd3m. Note that the growth of a Na-LTO phase should
be attained via the migration of a Na-LTO/Li-LTO two-phase
interface toward the Li-LTO side. The Na-LTO phase should be
initially formed at the particle surface, and Na diffusion occurs
through the Na-LTO phase due to the larger lattice volume. Thus
Na ions are supplied from the particle surface to the two-phase
interface, across which the phase conversion proceeds. Therefore,
investigating the structure of Na-LTO/Li-LTO two-phase interfaces
in the LTO bulk crystal is essential to understand the mechanism
of phase growth and Na" diffusion. Sun et al. studied the structure
of these two-phase interfaces using scanning transmission
electron microscopy (STEM),"® and reported that the interface
between the two phases has no lattice mismatch or dislocations
at the atomic level. However, the different lattice volumes of
the Na-LTO and Li-LTO phases should induce some lattice
distortion or dislocations at the two-phase interface. Generally,
STEM imaging inevitably includes image distortion from
specimen drift, or suffers from crystal-structural deterioration
by electron beam damage during scanning.>**® Thus it is hard
to discuss the detailed structure of the inter-phase interface
only by using STEM imaging. By contrast, TEM imaging does
not suffer from such artifacts, and should provide more
reliable information on the lattice structure of the two-phase
interface.

In this work, we investigate the growth of the two phases
during electrochemical Na insertion into LTO electrodes using
an in situ XRD technique, and observe the detailed morphology
of coexisting Na-LTO and Li-LTO phases in a single crystalline
LTO sample using TEM, which allows direct imaging of the
interface lattice structure.

2. Experimental
2.1 In situ XRD measurements

The crystal alteration of the LTO-electrode particles during
the first Na-insertion process was investigated using in situ
XRD measurements. The electrode consists of a LTO powder
(ENERMIGHT®LT-106, commercially provided by Ishihara
Sangyo Kaisha, Ltd), a carbon additive (acetylene black, AB),
and a binder (polyvinylidene difluoride, PVDF) at a ratio of
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84:8:8 wt%. This composite powder was dispersed in N-methyl-
pyrrolidone and mounted on 20 pm-thick Al foil. After drying
the powder in a dry air-filled box (—80 °C d. p.) for 3 days,
the electrode was punched into 1.2 cm-diameter disks with
an average LTO active material loading of 8 mg per electrode.
A Na-ion half-cell was constructed under dry air conditions
(—80 °C d. p.) using an IEC R2032 coin-type cell with the LTO
electrode (as the positive electrode), Na metal (as the negative
electrode), and an electrolyte of 1 M NaPF, dissolved in a
solvent of EC-DEC (EC/DEC = 1), where EC is ethylene carbonate
and DEC is diethylcarbonate. The electrodes were separated by a
micro-porous polypropylene film and a glass-filter (Advantec,
GA-100). A hole was punched in the can of a CR2032-type coin
cell. The Al foil current collector, on which the active material
was placed, was fixed to the can with silicon grease to serve as a
window for the X-ray analysis. A minimal amount of grease,
sufficient to prevent the electrolyte from leaking, was applied
between the cell can and the current collector, keeping the
electrical contact. Other details of the construction are described
elsewhere.”” The galvanostatic Na-insertion properties of the
electrochemical cells were examined for a potential window
from the OCV to 0.1 V (vs. Na'/Na) with a current density of
3 mA (g-LTO) " Electrochemical Na insertion was continued at
constant current without stopping during the XRD measurement
cycles. A diffractometer (X’pert Pro, PAnalytical) with Mo-Ka
radiation (/,, 4, = 0.7093187, 0.713609 A) was used for the
analysis. The measurement angle (20) was adjusted from
5-50 deg, with increments of 20 = 0.008 deg, over a scan time
of 1 hour.

2.2 TEM observation

The specimen for high-resolution TEM observation was a thin
Li, TisOq, crystal prepared using a Li-vapor induction growth
(Li-VIG) method,*® where a TiO,(001) wafer with a size of
2 x 2 x 0.12 mm® was thinned using an Ar" polishing system
(PIPS, GATAN), and calcined with 0.3 mg of LiOH-H,O in a
99.5%-Al,0; crucible using a small electric heater at 1123 K in
air for 12 hours. Then the calcined specimen was transported into
a vacuum evaporation bell jar (JEE-420, JEOL), and the Na-metal
evaporation source (sodium metal dispenser, SAES Getters) was
attached 2-3 cm above the specimen. The jar was evacuated
under vacuum until the inner pressure reached 5 x 107> Pa.
Then Na-metal coating was performed by heating the evaporation
source electrically with conditions of 6.0 A, 2.1 V and 1 min.
The total amount of Na deposited on the specimen was about
1.54 x 10~® mol, which corresponds to 0.41 pAh of a small
electrochemical reaction. The Na-metal coated specimen was
stored at 5 x 107> Pa for 28 hours so as to proceed with the
Na-insertion reaction and phase relaxation. The color of the
specimen turned black after the reaction, due to the reduction
of Ti"" during the Na-insertion reaction (see ESI, Fig. S1). Then
the sample was observed using FE-TEM (JEM-3000F, JEOL)
at 200 kV of acceleration voltage. The collection and analysis
of the TEM data were performed using a slow-scan CCD camera
(Orius SC-200, GATAN) and Digital Micrograph Software (GMS
2.11, GATAN).
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3. Results and discussion
3.1 In situ XRD measurements

Fig. 1(a) shows time-sequential XRD spectra of the LTO electrode
during the Na-insertion reaction. Sharp diffraction lines corres-
ponding to 111, 311, 400, and 440 planes of the spinel Li,TisO1,
crystal (Fd3m) were clearly observed for the pristine state. These
diffraction lines were also observed after the Na insertion
without peak shifts. These unshifted peaks can be assigned
to unreacted LTO (Li,TisO;,) or Li-inserted LTO (Li-LTO;
Li;Tis0;,) phases. Note that the lattice-volume difference is
negligible between LTO and Li-LTO."* According to the voltage
profile of Na insertion (see ESILt Fig. S2), the capacity was
estimated to be about 160-170 mA h g, after extracting the
effect of side reactions of the carbon additives. This is almost
the same as the theoretical capacity of LTO. Thus these
unshifted peaks should be assigned to the Li-LTO phase.
Shifted peaks appeared at each lower-angle side of the
unshifted peaks during the Na insertion, as indicated by black
arrows in Fig. 1(a). These peaks can be assigned to a cubic
spinel structure of Fd3m with a larger lattice volume than the
Li-LTO phase, suggesting the growth of a Na-LTO phase.'®™°
During the Na insertion, the peak positions of the Na-LTO
phase were not changed, while the intensity increased, meaning
that the Na-LTO phase grows into a definite phase with a
constant lattice volume from the initial stage of the Na insertion.
The coexistence of the Li-LTO and Na-LTO phases seems to be
similar to the two-phase coexistence in LiFePO,.>> XRD spectra
from before and after the Na insertion are shown in Fig. 1(b).
Black solid lines indicate the peak positions of LTO and Li-LTO,
simulated with a = 8.36 A, and yellow solid lines indicate the peak
positions of Na-LTO, simulated with @ = 8.74 A. This lattice
constant for the Na-LTO phase is consistent with that of a

(a)

400 N
m 440

(b)

a=836A

Intensity (a. u.)

After Na-in

Before Na-in

5 10 15 20 25 30
Angle 26 (deg)

Fig. 1 Insitu XRD measurements of a LTO (Li4TisO1,) electrode during the
Na-insertion process. (a) Time-sequential XRD spectra before (blue) and
after (red) the Na insertion. Black arrows indicate the peak positions of a
Na-LTO phase. Peaks assigned to the Al of the current collector are
indicated by asterisks. (b) Comparison of the spectra before and after the
Na insertion. Diffraction positions simulated with spinel structures of
a =874 and a = 836 A are shown with yellow and black solid lines,
respectively.
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previous study," and the lattice volume is larger, by about
14%, than that of the Li-LTO phase. The present lattice-volume
difference is significantly large, compared to the difference of 7%
in a typical two-phase system of LiFePO, and FePO,.>° Therefore,
there should exist a mechanism to relax the large volume change
between the Na-LTO and Li-LTO phases generated in the LTO
crystal, which should be revealed by microscopy analysis.

3.2 HR-TEM observation

To understand the coexistence features of the Li-LTO and
Na-LTO phases in the LTO crystal, we performed a TEM
observation of a Na-inserted LTO crystal sample as detailed in
Section 2.2. Fig. 2(a) shows the low-magnification TEM image
of the specimen. Some characteristic contrasts, different from
the bulk region, can be seen in the surface region of the thin
specimen, indicating crystal-structure changes due to the Na
insertion in the surface region. In the high-magnification
TEM image shown in Fig. 2(b), clear lattice fringes can be seen
in both the surface and bulk regions, indicating that the Na
insertion basically induces crystal-structure change or the gen-
eration of a new crystal phase, instead of deterioration of the
crystal or amorphization. The 2D fast Fourier transform (FFT)
pattern of Fig. 2(b) is shown in Fig. 2(c). The FFT shows clear
spots corresponding to the spinel (1-10) diffraction pattern,
indicating that the crystals in both the surface and bulk regions
have cubic spinel structures of Fd3m. However, each bright spot
appears to be doubled, as clearly seen in the higher frequency
(outer) region in the FFT pattern, which means there are
different lattice volumes of the crystals in the surface and bulk
regions in Fig. 2(b). For the bright spot positions of the FFT
pattern indexed as 00-4, 11-5, 22-4 and 33-3, the smaller and
larger inter-plane distances, calculated from each double spot
and indicated by arrows, are shown in green and purple,
respectively. The estimated lattice constant was a = 8.36 A for
the spots with green arrows, and a = 8.72 A for the spots with
purple arrows. These values are almost the same as those from
the XRD analysis shown in Fig. 1(b). In this way, it can be said
that the TEM specimen contains both Li-LTO and Na-LTO
phases, similar to those in the XRD sample.

Fig. 3(a) shows a two-phase distribution image of Li-LTO
(green) and Na-LTO (red), obtained by inverse-FFT analysis for
the indexed bright spots in Fig. 2(c) indicated by green and
purple arrows, respectively. This image was superimposed on
the TEM image of Fig. 2(b). It is clear that the two phases exist
separately in the LTO crystal. The Na-LTO phase exists in the
surface region, suggesting that the Na-LTO phase would grow
from the surface to the inner bulk region. Even thin Na-LTO
layers near the surface seem to have a crystal structure similar
to that in the LTO electrode from the electrochemical Na
insertion, supporting the view that the Na-LTO phase formed
in the initial Na-insertion stage does not change during the
whole process (Fig. 1(a)). As the amount of deposited Na metal
was small at the thin edge region of the specimen, the thickness
of the Na-LTO phase was at most around 20-30 nm.

As indicated by blue arrows in Fig. 3(a), the Li-LTO/Na-LTO
interface is formed parallel to the (110) direction and perpendicular
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Fig. 2 TEM observation of a Na-inserted LTO thin specimen. (a) Low-
magnification image, observed from the spinel (1-10) direction. Layered
contrasts can be seen near the surface region. (b) High-magnification
image. Clear lattice fringes are observed in both the bulk and surface
regions. (c) 2D FFT image of the TEM image in (b). The pattern of bright
spots shows the features of the spinel structure. Each spot appears to be
doubled, indicating the presence of two phases. Smaller and larger inter-
plane distances, calculated from each double spot and indicated by
arrows, are shown in green and purple, respectively.

to the (001) direction, in other words, it is formed on the (001)
plane along the (110) direction. In the spinel crystal of pristine
LTO, an 8a-site ion channel pathway exists through the (110)
direction,***" and fast ionic diffusion (phase growth) should be
possible in this direction. Hence, the interface would be likely
to form along the (110) direction, perpendicular to the (001)
direction. This is similar to the Li-LTO formation in a pristine
LTO crystal by Li insertion.>? Fig. 3(b) and (c) show FFT patterns
of the Li-LTO and Na-LTO regions in Fig. 3(a), respectively. The
bright spots from the Na-LTO region are more obscure than
those from the Li-LTO region, suggesting that the crystallinity of
the Na-LTO region is lower than that of the Li-LTO region. It has
been considered that Na insertion induces the generation of
Na-LTO from LTO (Li,Ti5O;,), and successively generates Li-LTO
(Li;Ti501,) by pushing Li ions into the surrounding LTO within
the common lattice network."® Due to the larger ionic radius of
Na® (102 pm) than Li" (76 pm), the Na-LTO generation in LTO
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Fig. 3 Two-phase distribution in the Na-inserted LTO specimen.
(a) Distribution image reconstructed from the inverse-FFT image of bright
spots in Fig. 2(c). Green and red areas are constructed from the spots
indicated by green and purple arrows in Fig. 2(c), respectively. (b and c) FFT
images, acquired from the areas of the TEM image enclosed by rectangles
in the green and red regions in (a), respectively. (d) Inter-plane distances in
the (001) and (110) directions in the Li-LTO and Na-LTO regions, obtained
from the spots indicated by black arrows in (b) and (c), respectively. (e) Line
profile of (001) fringes along the white X-Y line in (a).

should induce much more disruption such as local distortion or
defects, compared to the Li-LTO generation in LTO with a
negligible lattice-volume change. This should be the reason for
the lower crystallinity of the Na-LTO region. We investigated the
dependence of the lattice expansion features of the Na-LTO
phase on the crystal orientation. The inter-plane distances in
the (001) and (110) directions in the Na-LTO region were
examined, and compared with those in the Li-LTO region, as
shown by black arrows in Fig. 3(b) and (c). The results are
summarized in Fig. 3(d), where the lattice expansion ratios of
the Na-LTO phase were calculated as follows.

dpki(Na-LTO) — dpki(Li-LTO) x 100(%)

Apei(Li-LTO)

The average expansion ratio is 5.8% for the (001) orientation,
and 1.2% for the (110) orientation. It is clear that the expansion
of the Na-LTO phase is not isotropic but anisotropic. The larger
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lattice volume of Na-LTO can be partially relaxed by the lattice
expansion toward the surface, namely in the direction normal to
the interface, while relaxation or lattice expansion is not so easy
in the direction parallel to the interface, due to the lattice
connectivity between the two phases. Note that previous diffraction
studies did not clarify this anisotropic relaxation of the Na-LTO
phase, because of the powder samples.

There exists a lattice misfit of 1.2% in the parallel direction
for the two phases on both sides of the interface. We have to
consider how this misfit is relaxed in the vicinity of the inter-
face. In Fig. 3(a), we can see a relatively dark contrast at the
two-phase interface, which shows modulation of the intensity of
the electron-beam diffraction by concentrated lattice strains or
defects at the interface. A line profile of the (001) lattice fringes
along the X-Y segment in Fig. 3(a) is shown in Fig. 3(e). The (001)
inter-plane distances in the Li-LTO and Na-LTO phases were 4.1 A
and 4.4 A, respectively, which is consistent with a relative expan-
sion of the Na-LTO phase of 5.8% in the (001) direction as
explained above. The lattice fringe was obscure at the two-phase
interface with about a 15 A width, meaning that the presence of
lattice disorder due to local strains, dislocations or defects relaxes
the lattice misfit naturally. In a previous study,'® these kinds of
relaxation layers were not observed, while an atomically aligned
connection of the two phases without any lattice disorder or
dislocations was suggested. Oppositely, from the present results,
we think that the existence of two-phase interfaces with relaxation
layers should be general. Note that similar lattice disorder or
dislocations have been confirmed for LiFePO,/FePO, interfaces.*?

Recent theoretical analysis®* provided a typical mechanism
for generation of a defective or incoherent two-phase interface
from an initial coherent one, due to different lattice volumes in the
case of NbC-precipitate growth in Fe. For initial small precipitates,
the interface is atomically coherent, and thus the interface energy
is very low. On the other hand, strains are induced over a wide
extent, due to the lattice connection between the different lattice-
volume phases, and the total strain energy is high. For an
increasing precipitate size, the increase rate of such a bulk strain
energy is much higher than for the interface area. Thus the
interface structure changes from a coherent one to a defective or
incoherent one so as to reduce the high total strain energy around
the interface via breaking the atomic connectivity through dis-
locations or disordering, in spite of the much higher interface
energy. The origin of the present disordered or defective structure
of the Li-LTO/Na-LTO interface can be explained in a similar way.

There should generally exist structural disorder or composi-
tional deviation at a two-phase interface due to the different
lattice volumes. Even in the case of an atomically coherent
interface, high strains and stresses around the interface should
inevitably occur. The present case indicates a possibility that
the phase conversion at the Li-LTO/Na-LTO interface, as the
reaction frontier, via mass transport and an occupancy change
from (Lie)"® to (Na)'® across the interface, is not so simple or
smooth compared to the models in ref. 19. This issue may
seriously affect the diffusion and phase growth at the interface,
and the rate properties of the electrode. Our recent analytical-
STEM observations®® revealed that a LTO-electrode particles
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after Na insertion-extraction cycles consist of nano-domains
with varied compositions of (NaxLi3,x)sa(LiTis)16d012 with x
values from 0 to 3, which defies the simple view in ref. 19 that
phase conversion only occurs among the LTO, Na-LTO and
Li-LTO phases. The observed complexity®®> may be due to the
issue of two-phase interfaces having different lattice volumes.
Furthermore, the Na insertion behavior with LTO was observed
to be greatly dependent on the LTO-particle size.° This point
can be understood by considering the two-phase interface with
different lattice volumes, in addition to the poor diffusion of
Na. As discussed in ref. 34, defective or incoherent interface
structures are formed when the size of a generated phase
becomes larger, due to the strain energy rapidly increasing
along with the increasing phase size. Thus for smaller LTO
particles, the strain energy at the coherent interface is limited,
due to a limited extent of the strain, compared to larger
particles with strain over a wider extent. Thus the smaller
particles tend to maintain coherent interfaces in spite of
substantial strain, while the larger particles tend to contain
defective or incoherent interface structures, due to the much
larger strain energies for coherent interfaces in the larger
particles. This point may explain the remarkable dependence
of the Na insertion behavior on the particle size.

Finally, we applied electrochemical impedance spectroscopy
(EIS) for the cells with pristine and Na-inserted LTO electrodes
so as to clarify the Na-ion behavior. As shown in Fig. S3 in the
ESL the obtained results indicate the importance of the two-
phase interface. The charge transfer resistance at the electrode/
electrolyte interface is much lower for Na-inserted LTO electrodes
than for pristine LTO ones, because of the generation of Na-LTO
phases on the LTO particle surface regions, while some surface
layers such as solid-electrolyte interphases might also be
involved. The Na-ion diffusion coefficient is much larger for
the Na-inserted LTO particles than the pristine LTO ones,
because Na diffusion occurs more easily in the Na-LTO phases
with a remarkable lattice expansion. These results support the
viewpoint that growth of a Na-LTO phase is attained via migration
of the two-phase interface from the Na-LTO side to the Li-LTO
side, associated with Na diffusion preferentially occurring in the
Na-LTO phase from the surface to the two-phase interface, where
Na-ion insertion into the Li-LTO side and the phase conversion
should dominate the rate properties. In this experiment, a com-
parison of Na-inserted cells formed using different electrochemical
Na insertion rates revealed no remarkable differences, indicating
no significant effects of the insertion rate at least on the properties
of the generated two-phase structures, however future examination
of the detailed microstructural differences including the non-
equilibrium dynamic configurations would be necessary to gain
deeper insight into the effect of the insertion rate.

4. Conclusion

In a LTO electrode, Na insertion generates both Na-LTO and
Li-LTO phases, and investigation of the two-phase interface is
crucial because the mass transport and phase conversion
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across it should dominate the rate properties of the LTO
electrode. In the present study, in situ XRD measurements
confirmed that the Na-LTO phase grows as a spinel crystal of
Fd3m with a constant lattice volume from the initial stage of Na
insertion. TEM observation clarified that the Na-LTO phase
grows from the surface region to the inner region and forms a
two-phase interface with the Li-LTO phase in a Na-inserted LTO
single crystal. The lattice constants of the Li-LTO and Na-LTO
phases obtained from the TEM observation were 8.36 A and
8.72 A, respectively, which are in good agreement with those
from the XRD analysis. The two-phase interface was confirmed
to be located parallel to the (001) plane along the (110)
orientation, which can be explained by faster Na® diffusion in
the (110) direction than the (001) direction in the LTO spinel
lattice. We observed an anisotropic expansion of the Na-LTO phase
at the interface. The larger lattice volume of the Na-LTO phase can
be partially relaxed normal to the interface, while there exists an
inevitable lattice mismatch along the interface. A line profile of the
lattice fringe clearly showed the presence of lattice disorder for
about a 15 A width at the two-phase interface, which could be
caused by local strains, dislocations or defects, relaxing the lattice
mismatch. This is in contrast to a previous study using STEM
observation that showed no relaxation layers. The relation between
the strain energy and the interface energy for a two-phase interface
with different lattice volumes, depending on the size of the
generated phases or the particle size, should determine the
occurrence of a disordered or incoherent interface structure
resulting from an initial coherent interface. In any case, how
the different lattice volumes at the two-phase interface are
relaxed should be the key issue in investigation of the mechanism
of Na insertion and extraction in LTO electrodes.
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