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Lithium Storage in Li Ti;O,, Spinel: The Full Static Picture

from Electron Microscopy

Xia Lu, Liang Zhao, Xiaoging He, Ruijuan Xiao, Lin Gu,* Yong-Sheng Hu,* Hong Li,
Zhaoxiang Wang, Xiaofeng Duan, Liquan Chen, Joachim Maier, and Yuichi lkuhara

Lithium-ion batteries (LIBs) have been considered the most
promising storage device for electric vehicles and large-scale
energy storage.l'3l The spinel Li,TisO;,, used as a model
material here, is an important anode for long-life LIBs.
It can be crystallographically more precisely described as
[LiJga[Li1/3Tis/3]16a[Oal32e OF even as [LiJg, 16c[Til16alLi1/3 iz 3)16a-
[O4]32¢ (Where a blank indicates a vacancy).l*®l The former for-
mula indicates its atomic occupations, with three out of four Li*
ions occupying the 8a sites, the remaining Li* and all titanium
ions being in the 16d sites, and the oxygen ions in the 32e sites.
The latter specifically indicates the 16¢ structural vacancies into
which the Li* ions will insert during the discharge process.[*1!
According to the literature,1213] this Li insertion into the 16c
sites is accompanied by Li* ion transfer from the 8a sites to the
16¢ sites, leading to the phase transition from the spinel struc-
ture [Lilg, 16¢[Ti]16alLi1/3Ti3]16a[O4l32¢ to the rock-salt structure
galLio]16c[Til16a[Li1/3Ti/3]16[Oals2e, in which the 8a site is empty.

This mechanism has not been investigated by direct visu-
alization. Furthermore, as a typical two-phase reaction, direct
observation of the interface has not yet been successful. In spite
of experimental and modeling work performed so far,14-2]
there is still no direct evidence that would lead to a clear picture
of Li storage in Li,TisO;, and the interfacial structure formed in
the two-phase transition reaction.

Atomic imaging of light elements by microscopy techniques
has brought about significant progress.2= In particular,
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spherical aberration-corrected scanning transmission elec-
tron microscopy (STEM) has showed its potential not only
for mapping oxygen defects (e.g., in grain boundaries??)), but
also for the light elements Li*Z and H.13%l Recent examples are
the detection of the Li-Fe anti-site disorder in LiFePO,,’ the
staging phenomenon in delithiated LiFePO,,?*3% and Li* ion
distributions in the cathodel3"*>3%l as well as in the anode.’)

In this Communication, the STEM technique is employed, in
combination with first-principles calculations, i) to elucidate Li*
rearrangements on lithiated-Li,TisO;, electrodes in addition to
the Li* ion distribution in Li,TisO;,, ii) to investigate the phase
boundary involved in this presumably topotactic two-phase reac-
tion, and iii) to investigate the electronic charge distribution after
lithiation. The results are very revealing; they not only clearly cor-
roborate the above described structural features by direct visualiza-
tion, they also show the occurrence of a very sharp, dislocation-free
coherent heterophase boundary. Moreover, two different chemical
states, Ti** and Ti*!, are derived from atomic-scale electron energy
loss spectroscopy (EELS). On lithiation, only 3/5 titanium, not only
on the average but referring to crystallographically clearly distin-
guishable sites, are reduced to Ti** while the others still stay in Ti*"
states when the Li TisOy, electrode is discharged to 1.0 V. These
sites are neighbors to the excess Li introduced, indicating strong
Li*—e™ association. This is consistent with general gradient approx-
imation (GGA) functional plus U (GGA+U) calculations based on
density functional theory (DFT) and also with the previous defect
chemical considerations for LiFePO,*? and TiO,.*!]

We begin with identification of the Li and Ti columns in
Li,TisOy;. In general, the STEM technique is capable of spatial
sub-angstrom resolution.?*3% It is noteworthy that the contrast
of the high-angle annular-dark-field (HAADF) image exhibits a
Z!7 dependence as compared with Z!/* for the annular-bright-
field (ABF) image with respect to the atomic number Z.[*43
Figure 1 shows the Li TisO;, lattice and the corresponding
HAADF and ABF STEM images viewed along the [110] direction
(Figures S5-S12 in the Supporting Information; simulated ABF
images in Figure S6). The average size of Li,Ti;Oy, is 5 um. These
are agglomerates of smaller (100 nm) grains (Figure S2, Sup-
porting Information). The different atomic columns are clearly
revealed based on the contrast in Figures 1b and c. By comparing
the repeat unit (red quadrilateral) in Figure 1b with Figure 1a, the
32e oxygen sites and 16d titanium sites can be clearly seen in the
HAADF image, as shown in the left-hand small panel, which is
consistent with the atomic occupancies in Figure 1a. The different
contrast in Figure 1b also clearly reveals two different titanium
columns. The strong white spots (Ti, arrays) have a longer interval
along the [T10] direction than weak white spots (Ti, arrays). Note
that the Ti content in Ti, columns is roughly twice that in the Ti,
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Figure 1. Lattice and STEM images for Li TisO;, along the [110] zone axis. a) Schematic lattice of LisTisO1,. The labels 1, 2, 3, and 4 at the left of
(a), which is the view along the [110] direction, correspond to the 16d, 32e, 8a, and 16c (vacancy) sites in the Li TisO, lattice. b,c) Enlarged HAADF
(b) and ABF (c) images of Li,TisO,. d) The corresponding line profile from the ABF image. Note that the image contrast of the dark dots is inverted

and displayed as peaks.

columns, giving a random distribution of 16d Li* ion sites when
viewed along the [110] direction.

From the ABF image in Figure 1c, the 8a Li* ion columns
can be visualized as shown in the right-hand small panel, in
addition to the oxygen and titanium columns. The stability of
Li* ions in 8a sites is corroborated by means of DFT calcula-
tions (for the method see the Supporting Information). The
DFT results show that the lower energy configuration (Table S1
in the Supporting Information) corresponds to all Li* ions occu-
pying 8a sites, rather than other sites in the Li,Ti;O;, super-
cell (Figure S13 in the Supporting Information). Nevertheless,
there are still site fluctuations on the Li* ion columns due to
thermodynamic vibrations at elevated temperature. The Li-Li
distances in the ABF micrograph are slightly shorter than those
in the lattice (Figure la and Figure S6 in the Supporting Infor-
mation) along the [110] direction. However, the corresponding

line profiles, with two pronounced Li* ion peaks, can obviously
distinguish the Li* ions in 8a sites as shown in Figure 1d. (It is
interesting to note that an irregular outmost surface layer, ca.
2 nm thick and totally different from the interior part, is always
found in Li,TisO;, surface layers (Figures S5 and S10 in the
Supporting Information). The contrast of Li* ion columns can
hardly be identified in this outmost surface region, which is
quite probably related to titanium-rich compositions, and could
be responsible for the gas-releasing issues (package swelling)
when Li,TisO;, is used as an anode in a real battery.**}) There-
fore, the combination of the HAADF pattern with the ABF
pattern reveals the Li, TisO;, structure on the atomic level, pro-
viding the possibility of shedding light on the Li storage and
migration mechanism in this important anode material.

We next consider where the inserted ions are. Figure 2
shows the static ABF images of different lithiated/delithiated
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Figure 2. STEM ABF images of Li" ion insertion/extraction into/from Li,TisO;; along the [110] zone axis. ABF images with line profiles of Li,TisO;, with
different lithiated/delithiated states: a,b) discharged to 1.0 V; c—f) charged to 85 mAh g'; g,h) charged to 2.2 V at the rate of C/20.
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Li,TisOy, electrodes. In contrast to Figure 1d,
only one pronounced Li peak is found in
Figure 2b after the Li,TisO,, electrode has
been discharged to 1.0 V. The two obvious Li
8a peaks in Figure 1d disappear. Here, from
the evolution of peak intensity, it can be clearly
deduced that during the formation of a single-
phase Li;TisOy,, first, the intrinsic 8a Li* ions
indeed migrate from the 8a sites to half of
the 16c¢ sites, and second, the excess Li* ions
inserted are eventually stored in the other half
of the 16¢ sites. These results are consistent
with the finding from theoretical calculation
that the configuration with all the Li* ions in
the 16c sites has lower energy (Table S2 in the
Supporting Information) than the situation
where some Li* ions are in 8a sites.

In the half-delithiated state, two explicit
regions, related to the Li,Ti;O;; phase
(Figures 2e{f) and the Li;Ti;O;, phase
(Figures 2c,d), are found in the ABF images.
Only one peak, representing the 16c sites, is
found in Figure 2d, indicating that the region
shown in Figure 2c has taken on the struc-
ture of Li;TisOq,. In Figure 2f, two 8a Li* ion
peaks are present and the 16¢ peak is absent,
indicating Li, TisO;, phase. Figures 2g and 2h
show the Li,Ti;O;, phase, which indi-
cates that this mechanism is reversible. On
charging, half of the 16¢ ions are extracted
while the other half return to the 8a sites.
The exact trajectory of these motions cannot
be revealed by this static imaging technique, instead dynamic
neutron diffraction or other suitable techniques are required.

We now turn to the interfacial structure. To the best of our
knowledge, little attention has been paid in battery systems to the
interfacial issues on the atomic scale. The best-studied system is
probably LiFePO,.3*3%4] Among the many different observations,
we mention just two: Chen et al. demonstrated that a pronounced
dislocation region was observed by electron microscopy between
the LiFePO, and FePO, regions in LijsFePO, samples. This high
dislocation density means that the phase boundary was highly dis-
ordered.>) However, Gu et al., using a STEM technique, reported
a staging phenomenon in LiFePO,, characterized by alternation
of fully occupied and empty layers along the [010] direction.*¥ In
the case of Li,TisO;,, the storage mechanism is still under dis-
pute. It is rather generally accepted that the Li insertion/extraction
process is a two-phase reaction.!'#20% However, Wagemaker et al.
have shown by neutron diffraction that the two phases of interest
in the lithiated material (Lis,TisOyy), LifTisOq, and Li;TisOy,,
appear to be unstable at room temperature and relax to a homog-
eneous solid solution but will separate into two phases again
below 100 K.” In contrast, on a microscopic scale, a phase separa-
tion between Li-rich and Li-poor regions was indicated by NMR
measurements.'213! So far, there has been no direct observation
of the interfacial structure in lithiated Li,TisO,,, although a classic
phase boundary movement is assumed.

As already observed above, two different phases are found
in the half-charged state in electrochemically lithiated Li,TisOy,.

by black arrows.
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Figure 3. Interfacial structure in chemically lithiated Li,TisO;, sample with about 0.15 mol Li
insertion per formula unit along the [110] direction. a) ABF image near the interface between
Li4TisOq; phase (region 1) and Li;TisO;, phase (region 2). The yellow line indicates the boundary
of the interface. b) ABF line profile of region 1. c) ABF line profile of region 2. d) Colored ABF
image of the two phases near the interface, where the 8a sites occupied in LisTisO;, and the
16c sites occupied in Li;TisO5, are marked as yellow and black dots, respectively. ) The relaxed
interfacial structure simulated by DFT calculations, where the Lijg4-O octahedrons are shown
in green. The remarkable shifts of Li* ions at the 16c sites in the Li;TisO;, region are indicated

Moreover, the Li TisO;, was chemically lithiated to Li,,,TisOq,
(x = 0.15; for the method see the Supporting Information),
corresponding to the beginning of the two-phase region. Fortu-
nately, the coexistence of the two phases in the surface region
and bulk is clearly visible, as shown in Figure 3a and Figure S12
in the Supporting Information. From Figure 3b, it is obvious
that the area of the Li,TisO,, region (region 1) is larger than that
of the Li;TisO4, region (region 2), forming the main domains
in the investigated particle. In Figure 3c, one of the 8a Li* ion
peaks has totally disappeared while the other shows some dis-
placement compared with Figure 3b (for a colored ABF image
see Figure S11 in the Supporting Information) with the con-
trast of the Ti peaks being distinctly heightened. Therefore, this
region 2 should correspond to the Li;Ti;O;, phase with only
one Li* ion peak in the 16c site although there is spatial fluc-
tuation (region 2). The yellow curve in Figure 3a indicates the
interface as a sharp phase boundary between the Li TisO,, and
Li;TisO;, phases in this two-phase reaction. Interestingly, this
sharp phase boundary is also found in the interior region as
shown in Figure S11 (Supporting Information).

A sharp phase boundary is, however, clearly found separating
domains of Li,TisOq, and Li;TisOy, in Figure 3d, which is also
supported by first-principles calculation as shown in Figure 3e.
The calculation results indicate that Ti and O columns near the
phase boundary stay almost the same as in Li Ti;O;,. However,
there is a pronounced 0.30 A shift for the Li* ion from the 16¢
site (point 4 in Figure 1a) to the phase boundary in the Li;TisO,
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Figure 4. EELS profiles for Ti L, ; edges. a) Different chemical states of titanium sites, where the pink, yellow, and green colors correspond to the
Ti*-0, Ti**-O and Li;¢4-O octahedrons, respectively. The blue balls correspond to Li* in 16c sites. b) Color view of the enlarged STEM ABF image
with different Ti columns. c) EELS profile Ti L, ; edges for the Li,TisO;, electrode when discharged to 1.0 V taken from the two different Ti columns

(indicated in (b)) along the [110] direction.

region as shown in Figure 3e (for the initial structure see
Figure S16 in the Supporting Information). The shift is also
found in the ABF image in the Li;Ti;O;, region in Figures 3c,d.
There is obvious consistency between the STEM observation and
the calculations, both being in good agreement with the zero-
strain characteristics during the lithiation/delithiation process.

Note that one of the contrasts of the oxygen columns in region
2 becomes significantly weaker in the inset of Figure S11b. The
different contrast of the O columns is plausibly ascribed to the
Ti—O bond distortion in the octahedron as a result of the excess
electrons taking up the d-orbital of titanium on Li storage in
Li,TisOy, and/or to the energetic effects caused by interfacial
Li* ion distribution, similar what was described by Borghols
et all?2 Actually, this behavior elucidated by the STEM
technique is also different from the core/shell model, where
the Li-rich phase envelops the inner Li-poor core.

Finally, where are the inserted electrons? Previous theoretical
results have revealed that the Ti ions are reduced from Ti*' to
Ti3#* with Ti 3d orbitals partially occupied when Li,TisO;, is
fully lithiated.?¥ As an average, this result is trivial, as it allo-
cates three electrons stemming from three inserted Li. Our
investigations achieve a more differentiated point of view and
show that the valence is a spatial average over severe valence
heterogeneities. Figure 4 shows the corresponding electron
energy-loss spectroscopy (EELS) results acquired with high spa-
tial resolution for fully lithiated Li,TisOy,, that is, Li;TisO;,, in
which the transfer of three electrons is achieved during the Li
insertion. Being a fingerprint identification, Figure 4b shows
the main peaks of Ti L, ; edges obtained by EELS for Li;TisOy,,
which contain two main contributions from the L, and L; edges,
split by the Ti 2p core-hole spin—orbit coupling of around 5 eV.
The L, and L; edges are both subdivided into two edges by the
strong crystal-field splitting due to the surrounding oxygen
atoms. For Ti** (3d": t,,'e,’) ions, the EELS spectra indicate the
electronic dipolar-allowed migration from the core-level Ti 2p
to Ti 3d'** (0 < x, integer), but Ti 2p to Ti 3dx (0 < x, integer) for
Ti*" (3d% ty,"e,”) ions. The spectrum taken from a Ti, column
shows Ti**-like characteristics, while Ti**-like features are found

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

for the Ti, columns.”’} Tt can be concluded that in the fully
lithiated Li TisO,, the electrons are not homogenously distrib-
uted over the titanium orbitals and the Ti ions are in different
valence states according to their local environment.

In order to understand the fundamental origin of the inho-
mogeneous charge distribution in Li;TisOy,, first-principles
calculations were performed. The phase transformation from
spinel to rock salt needs a six-electron transfer based on the
supercell model (Figures S13-S16 in the Supporting Infor-
mation). Bader atomic charge analyses for the Ti ions in the
Li;TisO;, supercell are presented in Table 1. In the table both
the charge distribution around the Ti ions and the atomic
volumes reveal clear differences, although the nearest distances
still stay at the same level, leading to the zero-strain situation.
In the GGA framework, an approximate average chemical state
of the Ti ions indicates that the electrons are apt to delocalize
as itinerant valence electrons. However, by modeling Ti 3d
states as localized orbitals within the GGA+U approximation,

Table 1. Bader atomic charge analysis for the Ti ions in the Li;TisO;,
supercell, where charge distributions, the nearest atomic distances, and
the atomic volumes are presented for GGA and GGA+U.

GGA results GGA+U (Uer=4.5 eV) results
Charge Armin Volume Charge Aenin Volume

lon e] [nm] A [e] [nm] A
1.4942 0.6708 4.2733 1.3829 0.6543 4.201
1.4991 0.6675 4.2945 1.3509 0.5418 4.0628

1.5086 0.6735 4.2786 1.3837 0.6784 4.1683
1.4962 0.6140 4.2562 1.3587 0.6556 4.0833
Ti 1.5625 0.6367 4.4928 1.7545 0.5730 5.6709
1.5093 0.6735 4.2548 1.7483 0.6073 5.7093
1.6226 0.6170 4.6963 1.7554 0.6174 5.5682
1.6282 0.6722 4.7769 1.7522 0.6456 5.6065
1.5760 0.6587 4.6064 1.7595 0.6315 5.7271
1.5760 0.6805 4.8047 1.7765 0.6328 5.7106

Adv. Mater. 2012, 24, 3233-3238
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the charges of Ti separate into two types (Table 1), which can
be assigned as Ti** -like and Ti*"-like, as observed in the EELS
experiments. No evidence for the average chemical state of Ti
ions in Li;TisO4, is found. However, the various distributions
of Li* ions at the 16d sites affect the Ti**/Ti*"-like patternings
greatly (Figures S17-S19 in the Supporting Information), sug-
gesting a strong coupling between the charge state of Ti and
the distribution of Li. This confirms the assumption of strong
Li*—e™ association. According to the spin charge density integra-
tion results (Figure S20, Supporting Information) by GGA+U,
the excess electrons from the inserted Li are localized around
the Ti, 3d orbitals obviously and the net magnetic moment is
2.99 up per formula unit (where ug is the Bohr magneton),
which is ascribed to the excess three electrons from the inserted
Li. Therefore, the results by the GGA+U method give a proper
description of the EELS experimental results.

In conclusion, an aberration-corrected STEM technique has
been employed in combination with theoretical calculations to
study Li storage in the Li TisO,, lattice. The STEM ABF images
clearly demonstrated that in addition to the variation of the lithium
content, the Li ions change site on lithiation/delithiation, with Li*
ions occupying only the 8a sites in Li,TisO;, and occupying only
the 16c sites in Li;TisOy,. The corresponding interfacial struc-
ture was also visualized in the surface and bulk of the chemically
lithiated Li,TisO;, sample and was found to be a sharp coherent
heterophase. Furthermore, EELS analysis showed that the Ti ions
adopt locally different valences upon lithiation according to the
picture of strong Li*—e™ association, which is also in accordance
with the GGA+U DFT calculation. So, the full static picture has
been resolved and the following questions answered: i) Where are
the excess Li ions after lithiation? ii) Where are the excess elec-
trons? iii) What is the shape of the interface?

Experimental Section

Aberration-corrected STEM was performed using a JEOL 2100F (JEOL,
Tokyo) transmission electron microscope equipped with a CEOS (CEOS,
Heidelberg, Germany) probe aberration corrector. The calculations
were performed by the Vienna ab initio simulation package (VASP). For
experimental and calculation details see the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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