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ABSTRACT: This work provides insight regarding the fundamental lithiation and delithiation mechanism of the popular
lithium ion battery anode material, Li,TisO;, (LTO). Our results quantify the extent of reaction between Li,Ti;O,, and
Li,Tis0;, at the nanoscale, during the first cycle. Lithium titanate’s discharge (lithiation) and charge (delithiation)
reactions are notoriously difficult to characterize due to the zero-strain transition occurring between the end members
Li,TisO,, and Li;Ti;O,,. Interestingly, however, the latter compound is electronically conductive, while the former is an
insulator. We take advantage of this critical property difference by using conductive atomic force microscopy (c-AFM) to
locally monitor the phase transition between the two structures at various states of charge. To do so, we perform ex situ
characterization on electrochemically cycled LTO thin-films that are never exposed to air. We provide direct confirmation
of the manner in which the reaction occurs, which proceeds via percolation channels within single grains. We complement
scanning probe analyses with an X-ray photoelectron spectroscopy (XPS) study that identifies and explains changes in the
LTO surface structure and composition. In addition, we provide a computational analysis to describe the unique electronic

differences between LTO and its lithiated form.
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ue to the demand for high energy density batteries for
D mobile electronics and electric vehicles, the quest for

high capacity, low voltage anode materials—especially
involving Si—has been heavily pursued in recent years. In this
respect, Li,TisO;, (lithium titanate, LTO) is viewed as an
inferior lithium jon battery anode. It exhibits relatively low
capacity and high voltage compared to the most commercially
available Li-ion anode, graphite (175 vs 372 mAh-g™" and 1.55
vs ~0.1 V Li/LiJr).2 Nevertheless, the same undesirable
properties that contribute to low energy densities provide
attractive advantages as well. Indeed, the high redox potential of
LTO lies safely within the electrolyte stability window.” This
enables cycling without the formation of deleterious passivation
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layers, which are a problem for the long-term stability of
conventional graphite anode and the popular alternatives such
as silicon.” The two-phase reaction, which leads to moderate
capacity, is also highly facile. It proceeds between two members
(Li,TisO,, and Li;TisO;,) that possess the same crystallo-
graphic space group, Fd3m. Even upon intercalation of 3 Li* per
formula unit, there is only a 0.2% volume change of the spinel
lattice, resulting in its description as a zero-strain material.’ The
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Figure 1. (A) Scanning electron microscopy (SEM) of a focused ion beam (FIB) cross section of the LTO thin-film and (B) top SEM image of
the bare thin-film. Note that in (A) the top layer is a protective film used during FIB milling. (C) XRD pattern and Rietveld refinement of
LTO thin film deposited onto Pt coated Al,O; substrate. (D) Electrochemical profile of first cycle, with squares indicating points where

samples were characterized, and first 10 cycles (inset).

stability, robustness, and safety of LTO have in fact led to its
successful commercialization.

While the ionic conductivity of LTO is comparable to that of
other Li-ion anodes, a major shortcoming is its inherently low
electronic conductivity.”~'® Li,TisO,, is considered to be an
insulator, with experimentally reported band gaps typically
between 3.0 and 4.0 eV.'"'” To circumvent this problem,
several strategies have been implemented. Coatings, such as
carbon, have been applied to improve the electronic
conductivity.”> Doping with a host of cations has also been
performed to decrease the band gap and improve perform-
ance.'*716 Alternatively, LTO nanostructures have been
synthesized to shorten Li" diffusion lengths and increase
surface areas.’” The high surface area of nanoparticles typically
promote two-phase reactions to proceed in order to minimize
the large interface energy that would otherwise exist within
small volume particles."” When these treatments have been
applied, extremely high reversible rates of up to 100C (full
charge or discharge in almost 30 s) have been reported.'” ™'
Other work by Song et al. showed that even pristine LTO could
be cycled fairly well without any form of modification.”” Kim et
al. used an array of electrochemical and spectroscopic
techniques to propose a mechanism responsible for this.”’
Their hypotheses ultimately rest on the fact that LTO’s
lithiated phase, Li;TisO,, is highly electronically conductive. If
a small network of this phase forms upon initial discharge, it
can enable an electronic pathway for further lithiation. Indeed,
only a small extent of lithiation is required, as Young et al. have
shown that at less than 5% capacity, LTO’s bulk electronic
conduzitivity dramatically increases from about 1077 to 107" S-
cm™
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Understanding exactly how the phase transformation
between Li,TisO,, and Li;Ti;O,, proceeds and what factors
promote it is still relatively ill-defined. Because the lattice
parameters of both structures are near identical, few diffraction
techniques are able to physically differentiate them.”**
Though rapid changes in bulk conductivity and light absorption
have been observed upon minor lithiation, the exact mechanism
that enables this is still not clear. The present study aims to
exploit the most significant property difference between the two
phases, their difference in electronic conductivity, in order to
more fully explain the insulator—metal transition occurring
within the system. Using conductive atomic force microscopy
(c-AFM), we directly visualize the formation and distribution of
each phase at the nanoscale, for the first time. We present
comprehensive current and topography maps of LTO, at
various states of charge, to demonstrate where the transition
between these two phases occurs, and what features promote it.
We also perform DFT calculations to more fully describe the
reaction mechanism and structures formed. The band gaps of
LTO and its lithiated form are calculated in order to confirm
which phase is observed when conductivity is measured. These
results are combined with chemistry-resolved surface measure-
ments using X-ray photoelectron spectroscopy (XPS), at the
same states of charge, to explain changes in surface morphology
and composition. It is worth emphasizing that this study
focuses on thin-film electrodes, which serve as a model system
that possesses no binder or additive, in order to draw
conclusions regarding the fundamental properties of LTO.
The unique application of the scanning probe microscopy
(SPM) methods presented here is a valuable key for the future
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Figure 2. 3D topographical AFM images of LTO thin-films cycled to various states of charge. They correspond to (A) pristine, (B) discharged
50%, (C) discharged to 1.5 V, (D) discharged to 1.0 V, (E) charged 50%, and (F) charged to 2.0 V. The color scheme represents the current

detected, as indicated by the scale bar at left.

optimization of this material, its composite electrode, and
others like it.

RESULTS AND DISCUSSION

Thin-Film Bulk Characteristics. The common use of
conductive additives in LTO composite electrodes can strongly
influence the manner in which its electrochemical reaction
occurs. This is evidenced by the great deal of research dedicated
to creating LTO—carbon composites.”’ " To determine how
LTO’s fundamental mechanism proceeds, therefore, we made
use of thin-films that possessed only the electrochemically
active material. LTO was grown on Pt-coated (ca. 225 nm)
AlLO; disks using RF magnetron sputtering and exhibited a
thickness around 800 nm (Figure 1A). The Pt layer was
incorporated to ensure good electrical contact for use in
batteries as well as for c-AFM analysis; furthermore, it does not
oxidize during the high temperature preparation anneal. Figure
1B illustrates the particle size distribution of deposited LTO,
which was 20—100 nm on average. The film was highly
crystalline, as demonstrated by the grazing incidence X-ray
diffraction (GIXRD) in Figure 1C. Some LTO peaks show
uncharacteristically high intensities, such as the (400) and
(511) indices, due to overlapping contributions from Al O,
substrate. A three-phase fit, incorporating all materials, was
performed in order to confirm their structures and lattice
parameters (Figure 1C, Table S1). LTO, Pt, and AL,O; were fit
to space groups Fd3m, Fm3m, and R3c, respectively. The low
residual, resulting in a conventional Rietveld factor (R,,) of
7.18, confirms the purity of the film. The LTO lattice parameter
was determined to be 8.3521 + 0.0003, which is in excellent
agreement with the values reported in literature.*

Figure 1D highlights the material’s first electrochemical cycle
and demonstrates very good reversibility over the first 10
cycles. The voltage response is the result of applying a constant
current of 4 yA-cm™ from 1.0 to 2.0 V upon charge/discharge.
Given that the average reversible capacity upon cycling was
around 30 pAh-cm™ the current corresponds to a rate of
roughly C/7. The flat redox potential at 1.55 V vs Li/Li" is
clearly indicative of the two-phase reaction between Li,Ti;O,,
and Li; TisO,, as has been previously reported.”"** A nontrivial
amount of capacity is shown to exist outside the voltage
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window of 1.4 and 1.6 V during the first cycle, however,
corresponding to 9.7 yAh-cm™ or roughly 20% of the initial
discharge. Borghols et al. have demonstrated that this
phenomenon occurs in LTO as its particle sizes decrease.”
They hypothesize that a distribution of redox potentials are
possible at the surface of LTO, due to unique structural
environments there, which can result in local overlithiation.
This behavior is also typical when cycling LTO thin-films and is
likely due to the high fraction of LTO surface, relative to its
bulk, in contact with electrolyte.34 In addition, small side
reactions occurring among cell components are commonly
observed in thin-film electrochemistry due to the inherently low
capacities resulting from the small amounts of active material.
These surface effects are expanded upon in following sections
of this paper.

The relatively large capacity outside of the plateau is not
reversible, as highlighted in Figure S1. The capacity retention of
the first cycle is about 60%, but immediately improves upon
subsequent cycles, gradually increasing to near 95% by the 10th
cycle. The amount of capacity outside of the 1.4—1.6 V window
also decreases after the first cycle, to 4.3 pAh-cm™ (ca. 13%)
during the second discharge. To explore the unique changes
occurring in this system during the first cycle, we analyze the
thin-films at the points indicated along the voltage profile in
Figure 1D. The samples characterized specifically correspond to
the following: (1) soaked pristine LTO, assembled into a cell,
but not cycled; (2) LTO discharged to S0% of the initial
discharge capacity; (3) LTO immediately following the voltage
plateau, discharged to 1.5 V; (4) LTO fully discharged to 1.0 V;
(5) LTO charged to S0% of the first charge capacity; (6) LTO
fully charged to 2.0 V.

SPM Characterization. To establish whether mere
exposure to electrolyte can affect the surface morphology of
LTO, we allowed our pristine sample to equilibrate in an
assembled battery for a day prior to c-AFM analysis. When we
compare the 2D AFM height image in Figure S2a to the SEM
image in Figure 1B, it is clear that no major structural changes
occurred by simply soaking in electrolyte at open circuit. The
average maximum height of features across multiple images of
the pristine sample was 72.8 nm and it possessed a root-mean-
square (RMS) surface roughness of 11.1 nm. Care was taken to
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Figure 3. AFM deflection (left) and current (right) images of LTO thin-films cycled to various states of charge, corresponding to (A) pristine,
(B) discharged 50%, (C) discharged to 1.5 V, (D) discharged to 1.0 V, (E) charged 50%, and (F) charged to 2.0 V. Note the difference in units
between scale bars.

transfer and characterize LTO thin-films in an Ar atmosphere,
as Kitta et al. have demonstrated that lithium-inserted samples
can react with air to form precipitates on the surface.” Figure
S2b shows that, upon discharging to 50% capacity, the surface
morphology of lithiated LTO did not change appreciably. The
average maximum height and surface roughness was 76.5 and
11.2 nm, respectively. A summary of surface dimensions for all
samples is provided in Table S2.

While the morphology did not change upon initial discharge,
due to negligible volume expansion upon lithiation, the
electronic conductivity measured using c-AFM significantly
increased. Figure 2 depicts the current response of all samples
when a potential of 0.4 V was applied between the c-AFM tip
and substrate. While no current is observed in the pristine
material, it is measured within an array of individual grains
upon discharging to 50% capacity. The average current
measured in the latter sample was 0.12 pA-um™ After
discharging just past the plateau, to 1.5 V (Figure 2C), the
magnitude and distribution of current increased from 0.12 to
0.58 uA-pum™2 The total current measured in each sample is
represented by the histograms shown in Figure S3. Figure 2C
demonstrates that, immediately following the total lithiation, or
completion of the two-phase reaction, nearly all grains in the
LTO film are electronically conductive.

Kim et al. hypothesized that within LTO possessing no
conductive additive, a conductive Li;Ti;O,, phase first forms in
the vicinity of immediate contact with the current collector.”
Upon further discharge, this phase was thought to evenly
propagate upward, through all particles, toward the interface
with electrolyte. The deflection and current images provided in
Figure 3, however, show that this is not the case for these thin-
film electrodes. In the sample discharged S0% (Figure 3B), we
clearly observe current localized within discrete grains, not
evenly across the surface. This suggests that the transition of
Li,TisOy, to Li;TisO;, proceeds via a limited number of narrow
percolation channels that connect current collector and
electrolyte. Figure S4 qualitatively illustrates the difference.
There are a number of regions with near-identical grains
adjacent to one another, which exhibit current in one and not
the other. Furthermore, the particles themselves are very well-
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defined in the current images of Figure 3C. This is because no
current is measured within grain boundaries, suggesting the
phase transition does not propagate laterally across grains. This
may be due to unique structural environments that connect
these grain interfaces.

When discharge occurred beyond 1.5 V to the typical LTO
cutoft voltage of 1.0 V, the average particle size significantly
increased, resulting in an RMS surface roughness of 16.4 nm. In
addition, the measured current decreased somewhat, to 0.32
pA-um~2. Figures 2D and 3D demonstrate that all grains
exhibit lower electronic conductivity overall, but very large
grains show none. One factor contributing to these changes
may be due to the formation of solid—electrolyte interface
(SEI) products. Although LTO is not commonly believed to
form a SEI, due to its high operating voltage, the high surface
area of thin-films enhances the reactions occurring there,
relative to its bulk. Another contributing factor may be due to
the local overlithiation of LTO at its surface. These hypotheses
are more fully described in a following section, where we
analyze these samples using XPS.

The change in surface morphology is not completely
irreversible, as subsequently charging to 50% capacity results
in reduced grain sizes, with an intermediate RMS surface
roughness of 13.5 nm. Furthermore, the RMS surface
roughness of LTO charged completely to 2.0 V nearly reaches
its original value, at 12.1 nm. Though grain sizes decrease on
average, the AFM deflection image in Figure 3F shows the
formation of a different grain morphology, which is composed
of a large proportion of well-defined flattened regions. In
addition, Figure 3F shows that the relatively large flat regions
are slightly conductive. The fact that some current exists in the
fully charged state suggests that a semipermanent conductive
percolation network may form upon the initial charge, thus
reducing the activation potential required for subsequent cycles.
Indeed, the electrochemical efficiency is shown to improve
upon cycling; an embedded conductive matrix that increases
over time may be partially responsible for this.

To summarize and compare the wide range of measured
currents (from nA to yA), the log(current) values of all samples
are shown in Figure 4. Current histograms of the measured c-
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conductivities.

AFM images are depicted in Figure 4A. On the left is the low
current region, with the single peak corresponding to noise at
the instrument’s detection limit. On the right is the high
current region, resulting from current measured because of
changes among each sample. As the LTO sample is discharged,
its measured current increases, which results in the low current
peak decreasing and the high current peak increasing, until it
reaches its maximum when discharged to 1.5 V. Further
discharge to 1.0 V reduces the current and the area fraction of
regions showing current, with a strong increase in surface
roughness (Figure 4B,C). Upon charge, the average current and
surface roughness decrease again. While the average current of
samples discharged and charged to 50% were fairly similar, their
RMS surface roughnesses were not. The difference in
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morphology is likely related to the first cycle partial
irreversibility, where surface reconstruction occurred below
1.5 V of the initial discharge.

LTO Lithiation and Electronic Properties. We applied
DFT to describe the phases contributing to the local electronic
conductivity of each sample with more certainty. To calculate
the density of states (DOS) for Li, TisO,, (LTO) and Li, TisO,,
(lithiated LTO), we built their model systems and performed
structural optimization calculations. Those structures are shown
in Figure SA. We adopted 2Li,Ti;O, since it has the smallest
number of atoms representing LTO. The structure belongs to
the Fd3m space group and consists of both Li in 8a sites and Li
or Ti in 16d sites. Oxygen in 32e sites are tetrahedrally
coordinated to 8a sites and octahedrally coordinated to 16d
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sites. Furthermore, one Li for every five Ti ions are occupied in
16d sites. It was determined that the lowest energy LTO
structure occurred when octahedrally coordinated Li ions were
located furthest away from one another, which is shown by the
green Li in Figure SA. Upon lithiation, the original Li ions in 8a
sites (yellow), together with intercalated Li ions, migrate to 16¢
sites (cyan) to form Li,TiO;,. We confirmed the lattice
parameter of fully relaxed LTO and its lithiated form, which
were calculated using the PBE functional. The values were
determined to be 8.44 and 8.38 A, respectively, which
corresponds to experimentally reported values reasonably
well, with an error of less than 0.95%.%°

A range of experimentally determined band gaps have been
reported for LTO. Those values are commonly determined to
be between 3.0 and 4.0 eV, with the most typical reported being
ca. 3.8 eV.'**37 GStandard DFT calculations, however,
underestimate the band gap to be between 1.7 and 2.3 eV, as
the GGA functional is not able to properly describe the
electron—electron correlation—exchange interaction.*™* To
measure a more accurate band gap, we adopted the HSE06
hybrid functional into our LTO calculations. This functional is
capable of improving the band gap calculation by subtle tuning
of the weight of the Hartree—Fock exchange toward the GGA
exchange and correlation. We also confirmed the dependence
of LTO’s band gap on the Hartree—Fock mixing contribution,
which is shown in Figure SS. The results indicate that the band
gap is linearly dependent on the percent contribution of the
exact Hartree—Fock exchange. We found that a hybrid
functional contribution of 30% exhibits a band gap of 3.87
eV, which is most compatible with experimentally determined
band gaps.

Figure SB shows the electronic structure of LTO within the
hybrid functional framework described above. The DOS
demonstrates the band gap of 3.87 eV, which is primarily
defined by the O 2p and Ti 3d bands. Interestingly, we
confirmed the breaking of degeneracies of Ti 3d orbitals into t,,
and e, energy levels. This is a common phenomenon, which
originates from the octahedral crystal field. Electrons in pristine
LTO do not occupy t,, and e, levels because the oxidation state
of all Ti ions is 4+, in which Ti 3d electrons do not exist. We
again applied the 30% Hartree—Fock mixing parameter on
lithiated LTO, which is shown in Figure 5B. Upon lithiation, Li
ions as well as electrons are incorporated into LTO, resulting in
Li;TisO;,. This phase has three Ti** and two Ti*" so that the

4317

lower energy t,, level is partially filled. The DOS of Li;Ti;0, is
continuous across the Fermi level, which demonstrates that the
lithiated phase is an electronic conductor.

To further determine how LTO lithiation/delithiation
proceeds, we set up 68 possible intermediate phases and
performed DFT calculations using the PBE functional (Figure
SC). We modeled intermediate phases by allocating or
removing Li ions into 16¢ sites of the LTO or lithiated LTO
phases shown in Figure SA. The results indicate that the
formation of intermediate phases is unfavorable. The formation
energies of the possible Liy,;,TisO;, (0 < x < 1) intermediate
phases are all positive (the system favors a composite mixture
of Li,TisO,, and Li;TisOy,) in Figure SC, which shows that
there is no intermediate phase more energetically stable than a
mixture of the end phases. The formation of the thermody-
namically most stable end members supports the hypothesis
that lithiation/delithiation occurs by means of a two-phase
reaction and not via a solid solution mechanism. This reaction
is described by the following equation, whereby 3 Ti*" per
formula unit are reduced to Ti**:
discharge

Li,Tis*O,, + 3Li" + 3¢~ == Li,[Ti;'Ti;"]O,,

(1)

Wagemaker et al. claim that the two-phase reaction is
kinetically induced, but relaxes to a solid solution at
equilibrium.”® Our results suggest that even at equilibrium,
however, the formation of an intermediate phase is not
favorable. This discrepancy might be caused by the difference
between using a model LTO system and a composite electrode.
Any conductive species to be observed in our case would
specifically be Li;TisO;, and not Li,,;,TisO5, 0 < x < 1. By
performing c-AFM on partially lithiated samples, we therefore
observe discrete domains of Li,Ti;O;, and Li,;Ti;O,, as
conceptually illustrated in Figure SD.

LTO Surface Chemistry. To further understand the LTO
phase transition and the evolution of surface chemistry during
the first cycle, we performed XPS on thin-films cycled to the
same states of charge described previously. Figure 6 shows
high-resolution scans of the C 1s, O 1s, and Ti 2p regions. The
single peak centered at 458.0 eV corresponds very well to the
2ps, peak of Ti*" in LTO, as well as in TiO,.*"** Upon
discharge, a second peak at 455.9 eV forms, which corresponds
to Ti** measured in Ti,O;."’ This peak reaches a maximum
relative to the Ti*" peak, in the LTO sample discharged to 1.0 V

charge
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charged to 2.0 V (2.0 V C). (C) Elemental surface compositions of LTO obtained from XPS survey scans. Note that the increase in P and F
concentrations are related to a decrease in the content of the organics species as electrochemical charging occurs.

and correlates to the formation of Ti*" due to reduction of Ti**
upon lithiation. The relative intensity of the Ti** peak decreases
upon charge and completely disappears at 2.0 V, indicating that
the surface reaction is fully reversible. This evolution is further
observed in the Ti 3s data shown in Figure S6. It is interesting
to note that the proportion of Ti** measured at 50% state of
discharge is higher than expected from the reduction of 1.5 of
the S Ti*, to Ti** (eq 1). For example, the increase in Ti’"
content from 50% state of discharge to 1.0 V does not double
to account for the conversion of an additional 1.5 Ti*" into 1.5
Ti*". This result suggests that a higher concentration than 1.5
Ti*" per S Ti formula units has formed on the surface during
the first 50% of the discharge. Moreover, as suggested above,
this result further supports that the transformation of Ti*'
(LiyTis0y,) into Ti** (Li,TigO;,) is not a spatially homoge-
neous process extending from the current collector interface to
the surface in contact with the electrolyte.

The peak in the O Is spectra at 529.7 eV corresponds to O*~
in the LTO lattice.** Upon discharge, a peak at $31.5 eV grows
relative to it, and reaches a maximum at 1.0 V. This higher
binding energy peak results from the contributions of several
solid electrolyte interface (SEI) species, including CO5>,
—CO,—, and LiPO,F, all of which originate from the
decomposition of electrolyte.”” The formation of decom-
position products, Li,CO; and/or LiCO;3R, are also shown to
significantly occur in the sample discharged to 1.0 V, as
suggested by the signal in the C 1s peak near 289.5 eV.** The
fact that we observe these species is significant because LTO is
excessively championed to form no passivation or SEI layers,
due to its high redox potential. This is clearly not the case.
Indeed, LTO is known to have major gassing issues, which
result from its interaction with alkyl carbonated-based
solvents.”” He et al. have also reported that LTO with very
high surface areas can exhibit SEL.*® The nature of working with
thin-films is such that a significant amount of the active mass is
in direct contact with electrolyte. Any reaction with electrolyte
can be amplified, therefore, as the material’s surface to volume
ratio, and hence the thin-film/electrolyte interface, is relatively
large compared to powder electrodes. The formation of these
electrolyte decomposition products may be partially responsible
for the material’s extended first cycle discharge capacity. A
passivation layer may form upon initial discharge (below 1.5 V)
to create a relatively stable SEI; since subsequent cycles show
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markedly improved capacity retention, this reduction of
electrolyte would not appear to occur continuously.

Figure 7 shows that the peaks in the P 2p and F 1s spectra,
corresponding to Li,PO,F, at 133.7 eV and LiF at 685.1 eV,
both increase significantly upon charge. Figure 7 also depicts
the elemental compositions derived from the XPS survey scans.
This plot shows that the degree of F and P increase significantly
upon charge, from 7.3 to 12.2% (F) and 0.8 to 1.9% (P) in
samples charged to 50% and 2.0 V, respectively. The full
percent abundance of all species derived from component
fitting of the high-resolution scans is provided in Table S3. As it
can be seen, the increase in F and P concentrations is correlated
with a decrease in the organic species concentrations discussed
above, as well as with an increase of the Ti 2p and O 1s lattice
signals. Hence, both results support the removal of part of the
organic species generally present in the top part of the SEI film.
Moreover, the stronger F and P signals are likely due to a
shorter escape depth for the photoelectrons coming from the
inorganic part of the SEI layer since less organic material is
present on top of it.

Figure 6B and Table S3 show that lattice oxygen is least
abundant at the surface of LTO discharged to 1.0 V. The SEI
formed at that point may partly contribute to the increased
grain sizes observed using AFM. Kitta et al. also observed
changes in LTO morphology upon lithium insertion, which
they attributed to phase changes occurring at the surface.” In
addition, Ganapathy et al. performed computational studies that
showed the electrochemical overlithiation of Li;TisO;, was
possible at the surface of LTO due to preferred orientation and
relaxation effects occurring at this interface.”” Wang et al.
further supported this hypothesis by analyzing deeply dis-
charged LTO samples using TEM-EELS.”” They propose the
additional insertion of Li into vacant 8a sites would cause
structural distortions due to the large Coulomb repulsions.
Because the surface to volume ratio of our thin-film samples is
inherently high, the extra capacity, lower Ti valence states, and
surface reconstruction observed when discharging beyond 1.5—
1.0 V may likely be the result of overlithiation. Where the
extent of overlithiation occurs most may lead to either
delamination of grains from the current collector or the
formation of nonconductive species, as larger volume particles
clearly show no conductivity. Figure 6C shows that the
abundance of Li at the surface of LTO increases from 1.5 to 1.0
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V. High-resolution spectra of the Li 1s regions are provided in
Figure S6 and show evidence of Li* in the LTO lattice, organic
and inorganic SEI species (LiF, etc.). Further work would be
necessary to accurately monitor the evolution of the Li* signal
from the LTO lattice using, for instance, angle resolved
synchrotron XPS, to confirm and discuss the existence of LTO
surface overlithiation.

CONCLUSIONS

This work directly visualizes the two-phase transformation
between Li,TisO}, and Li;Ti;O,, at the nanoscale. By cycling
LTO to various states of charge and measuring the local current
in response to a fixed potential bias, we were able to determine
exactly where each phase existed at those states of charge. As
opposed to prevailing theories, we determined that the
transition of Li,TisO;, to Li;TisO;, proceeds via percolation
channels within single grains. The reaction does not appear to
propagate laterally, across grain boundaries. It also does not
form evenly throughout the electrode from one interface to the
other. Upon discharge beyond the 1.55 V redox plateau, to 1.0
V, significant changes in surface morphology and conductivity
occurred. Using XPS, we demonstrated that this was related to
the reaction between LTO and electrolyte, and likely, from
LTO overlithiation, from 1.5 to 1.0 V. The combination of c-
AFM and XPS described provides a more detailed under-
standing of the LTO lithiation/delithiation process. These
insights may be used to optimize other electrode materials with
insulator to metal transitions behaviors.

MATERIALS AND METHODS

Synthesis. Li,Ti;O,, powder for sputter target preparation was
synthesized by ball milling stoichiometric amounts of Li,COj;
(Mallinckrodt —99.5+%) and TiO, (Aldrich, Anatase 99.9+%, which
was pressed into a 2 in. diameter disk and then fired in air at 950 °C
for 10 h. To ensure O, recovery upon cooling, the disk was cooled
slowly at 0.5 °C-min™" to 700 °C, which was held for 20 h, and finally
cooled down at 10 °C-min~" to room temperature. The dense pellet
was subsequently bound to a Cu plate and used as a target for
magnetron sputtering. LTO films were grown by means of rf.
magnetron sputtering in an Ar atmosphere (Air Liquide, Research
grade, 99.99995%), at an applied RF power of 80 W, at a pressure of §
mTorr, where deposition was performed once the base pressure in the
chamber reached at least 107° Torr. The films were grown on 1 cm
ALO; disks (Valley Design) coated with 0.25 ym of Pt (Refining
Systems, Las Vegas, NV, 99.99%) on both sides, which acted as the
negative electrode current collector. Sputtering of the Pt was
performed in direct current mode using 25 W and 15 mTorr Ar
pressure. The as-deposited LTO films, with a typical thickness of 800
nm, were annealed in air at 700 °C for 1 h to develop the spinel
structure.

Electrochemical Cells. LTO thin-films were assembled into
standard Swagelok cells, in an Ar-filled glovebox. Li foil (0.75 mm Alfa
Aesar, 99.99%) was used as anode, two-sheets of Celgard 2500 served
as separator, and the electrolyte was composed of 1.2 M LiPF in
ethylene carbonate/ethyl methyl carbonate (Novolyte). A Maccor
Battery Tester was used to galvanostatically cycle cells at a current of 4
uA-cm™2, between 1.0 and 2.0 V. Cells used for further analysis were
stopped at various points during the first cycle and are described by
the following: (1) LTO prior to cycling (pristine or P); (2) LTO
discharged to 50% of the initial discharge capacity (50% D); (3) LTO
discharged to 1.5 V into the initial discharge (1.5 V D); (4) LTO
discharged to 1.0 V into the initial discharge (1.0 V D); (S) LTO
charged to 50% of the initial charge capacity, following discharge to 1.0
V (50% C); (6) LTO charged to 2.0 V into the initial charge, following
discharge to 1.0 V (2.0 V C). The voltage profiles of these samples are
shown in Figure SI. The pristine sample used before cycling was
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assembled into a Swagelok cell and allowed to equilibrate in electrolyte
for 24 h before disassembly. All other cells were disassembled
immediately following their electrochemical exit condition to prevent
additional chemical reaction with electrolyte. Following disassembly in
a glovebox, LTO thin-films were rinsed with anhydrous dimethyl
carbonate (Aldrich, 99% anhydrous) to remove residual electrolyte.
They were left to dry within the glovebox before transporting within a
sealed, airtight, Ar-filled container.

GIXRD and SEM. The focused ion beam (FIB) cross section of
LTO was fabricated with an FEI Scios, using a 1.0 nA Ga" beam
current, at 30 kV. The scanning electron microscopy (SEM) image was
acquired using a 0.1 nA current, at 5 kV. Grazing incidence X-ray
diffraction (GIXRD) was collected using a Rigaku SmartLab X-ray
diffractometer, utilizing the Paralle]l Beam/Parallel Slit Analyzer mode.
The incident angle was 0.5° and the incident slit was 0.5 mm. The data
was collected from 15 to 80° 26, with a 0.05° step at 1°min~".

SPM. Atomic force microscopy (AFM) was performed using an
Asylum Research Cypher S, housed within an Ar-filled glovebox. Pt-
coated tips (Nanosensors) with a radius of curvature of 20—50 nm at
the apex were used for conductivity (c-AFM) measurements. LTO
thin-films were transported in sealed Ar-filled transfer chambers
between glove boxes and were never exposed to air. Inside the
glovebox the thin-films were mounted onto two-sided Cu-clad circuit
board using silver paste. The paste was applied to Pt on the sample
backside, as well as a portion of the side and top of the thin-film, which
ensured electrical contact throughout the entire film. These mounted
thin-films are shown in Figure S7. This figure also demonstrates the
port connecting the circuit board and thin-film to the AFM tip. A fixed
voltage of 0.4 V was applied between the tip and sample during scans.
The current was measured using a 10° V-A™! amplifier gain. Height
and deflection images were processed using the flattening feature of
WSxM software (5.0 Develop 4.3).>"

Computation. The Generalized Gradient Approximation (GGA)
by Perdew—Burke—Ernzerhof (PBE), as implemented in the Vienna
Ab initio Simulation Package (VASP), was adopted to describe the
exchange-correlation energies of electrons in LTO.>>™** The
interaction potentials of the core electrons were replaced by Projector
Augmented Wave (PAW) pseudopotentials.’ In all calculations, Li
(1s%2s"), Ti (3p® 3d® 4s'), and O (2s* 2p*) are treated as the valence
electron configurations. A gamma point mesh with 6 X 6 X 2 k-points
was specified in the Brillouin zone, and periodic boundary conditions
were imposed on our calculations. The plane-wave energy cutoff was
set to 520 eV, which is 1.3 times the maximum cutoff specified by the
pseudopotential of oxygen in the VASP. We set the electronic energy
difference required for convergence to 107* eV. All the atoms were
fully relaxed to simulate the optimized structure of each lattice model.
The density of states (DOS) for structurally optimized Li,Ti;O;, and
Li,;TisO,, were calculated using the tetrahedron method with Blochl
corrections.”® We used the Heyd—Scuseria—Ernzerhof (HSEO06)
hybrid functional to produce the exact band gaps of Li,Ti;O;, and
Li,; TisO,,.>"*® We also tuned 30% of the exact Hartree—Fock (HF)
exchange contribution to the hybrid functional in order to bench-mark
the experimental band gap of Li,TisO,,.

XPS. A PHI 3056 spectrometer possessing a concentric hemi-
spherical analyzer 54.7° oft normal and a dual Mg and Al anode
source, operating at 15 kV and 350 W, was used for all XPS analyses.
LTO thin-films were transferred from an Ar-filled glovebox via a
custom airtight chamber for direct transfer to the spectrometer,
without exposure to air. The XPS chamber was maintained at <1078
Torr during measurement. High-resolution scans made use of the Al
source (1486.7 V), using a pass energy of 23.5 eV and a step size of
either 0.05 or 0.075 eV. Each scan was preceded by a high-resolution C
1s scan, to account for charge buildup. XPS processing was performed
using CasaXPS software. The main C 1s peak was calibrated to carbon
black, 284.6 €V, as were the following high-resolution scans. Peaks
were decomposed using Gaussian—Lorentzian line shapes and Shirley
background subtractions.
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