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Quenching-Induced Defects Liberate the Latent Reversible

Capacity of Lithium Titanate Anode

Zhong Su, Shunning Li, Lu Ma, Tongchao Liu, Meng Li, Tianpin Wu, Qinghua Zhang,
Cheng Dong, Chao Lai, Lin Gu,* Jun Lu,* Feng Pan,* and Shanqing Zhang*

Interest in defect engineering for lithium-ion battery (LIB) materials is sparked
by its ability to tailor electrical conductivity and introduce extra active sites
for electrochemical reactions. However, harvesting excessive intrinsic defects
in the bulk of the electrodes rather than near their surface remains a long-
standing challenge. Here, a versatile strategy of quenching is demonstrated,
which is exercised in lithium titanate (Li;TisO;, LTO), a renowned anode

for LIBs, to achieve off-stoichiometry in the interior region. In situ synchro-
tron analysis and atomic-resolution microscopy reveal the enriched oxygen
vacancies and cation redistribution after ice-water quenching, which can
facilitate the native unextractable Li ions to participate in reversible cycling.
The fabricated LTO anode delivers a sustained capacity of 202 mAh g~ in the
1.0-2.5 V range with excellent rate capability and overcomes the poor cycling
stability seen in conventional defective electrodes. The feasibility of tuning
the degree of structural defectiveness via quenching agents is also proven,
which can open up an intriguing avenue of research to harness the intrinsic
defects for improving the energy density of rechargeable batteries.

reversibility and environmental friendli-
ness.”l However, the low rate capability
of graphite anodes fails to meet the rising
demand for high charging power, which
constitutes the main bottleneck in the
field of electric vehicles (EVs). According
to the goal set by United States Advanced
Battery Consortium, the recharge time
for 80% of the pack capacity should be
within 15 min to enable fast-charging EV
applications.3 Toward this end, enormous
efforts have been dedicated to the devel-
opment of high-rate anode materials for
possible replacement of graphite. Among
the potential candidates, lithium titanate
(LisTi5Oyy, LTO) is the most attractive one
and has already been successfully com-
mercialized as an anode for LIBs in public
transportation.! When cycling at 6C
(IC = 175 mA g7), 90% of its capacity

1. Introduction

Lithium-ion batteries (LIBs) are ubiquitous and so much a
part of everyday life that the advent of nearly all portable elec-
tronic devices is underpinned by the breakthroughs in LIB
technology.l To date, graphite is extensively utilized as a com-
mercial anode material for LIBs, owing to its low cost, high

can be achieved within 10 min. Unfortu-

nately, the relatively low energy density

has placed a fundamental restriction on the application domain

of LTO anodes and thus resulted in a limited market share. As

such, there is a renewed urgency to develop innovative strate-
gies for boosting the reversible capacity of LTO anodes.

Ever since the first report of ITO anode in 1989, there

have been continuous endeavors to understand its ion storage

mechanism and to seek after a higher level of lithiation upon
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discharge. LTO crystalizes in spinel structure,® with tetrahedral
8a sites occupied by Li and octahedral 16d sites occupied by
randomly mixed Li and Ti ions in a ratio of 1:5. During Li inter-
calation, the spinel LTO undergoes a first-order phase trans-
formation into rocksalt Li;TisOy,, accompanied by negligible
volume change (0.2%), making I'TO well known as a “zero-
strain” anode that guarantees an ultralong cycle life. Moreover,
LTO exhibits a flat operating potential plateau of about 1.5 V
vs Li/Li*, thus circumventing the issue of lithium dendrite
formation, although it also compromises the energy density
of the full cells. After years of development, commercial LTO
anodes could deliver over 90% of the theoretical capacity in the
1.0-2.5 V range. An intuitive way to improve the energy density
is to promote excess Li intercalation into the bulk of LTO, but
most of the attempts ended in vain in the past because the rock-
salt Li;TisO;, possesses a close-packed cation and anion lattice,
which imposes severe kinetic constraints on the accommoda-
tion of extra Li ions at the interstitial sites.”] Although there are
some observations of lithium compositions exceeding Li;TisOy,,
it is only accessible in the subsurface regions and in the first
few cycles at a normal current rate.l Unlocking the capacity
limitations of LTO anodes still poses a great challenge, espe-
cially when the long-term cycling stability and the cost-effective-
ness of treatments are simultaneously taken into account.
Defect engineering could be a key approach to conquering
this difficulty.’! It was recently reported that oxygen-deficiency
of LTO can be incurred by a strong reducing environment (H,)
during synthesis. In so doing, the overall electrochemical per-
formance was improved due to the reduced charge-transfer
resistance of the defective structure. However, these chemical

O Li DTi e 0O

Pristine Li,Ti5O,,

Defective LisTisOqp.4
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methods could only introduce defects concentrated near the
surface region and at the grain boundaries where reduction
reactions would occur, while bulk-related properties, such as
capacity, have undergone limited changes because the surface
defects could hardly activate Li ions in the interior region.
Thus, it is highly desirable to develop strategies for generating
and stabilizing the defects inside the bulk of the electrodes.

Herein, we manage to incorporate intrinsic defects in the
bulk of nanocrystalline LTO via a straightforward heating—
quenching procedure from the commercial samples. For the
first time, we demonstrate the feasibility of defect engineering
to alter the delithiated limit at the Li,TisO;, composition,
whereby the LTO anode liberates its latent reversible capacity
while preserving high rate capability and cycling stability.
Oxygen off-stoichiometry generated at high temperature is thus
retained (Figure 1), whereas Li/Ti redistribution occurs spon-
taneously due to the thermodynamic driving force to resist the
accumulation of V. This highly defective structure possesses
good electronic conductivity and distinct ion storage behav-
iors that are absent in pristine samples. The quenched-LTO
anode can reversibly extract/intercalate the native Li ions at 8a
and 16d sites, which leads to a remarkable increase in capacity
(up to 202 mAh g), surpassing the theoretical and experi-
mental values of pristine LTO by 15.4% and 30%, respectively,
with excellent retention even at high rates. It is envisaged that
this efficient and low-cost quenching technique can greatly
expedite the development and enhance the market share of
LTO-based batteries, and that the underlying mechanism will
also cast new light on the design paradigm of energy-storage
materials from a defect chemistry perspective.

Breaking the capacity limit
of pristine Li,TizO;,

° ggy %
- @ Li DTi o0

Oxygen vacancy formation and
cation redistribution

Figure 1. Conceptual representation of the structural evolution of the quenched-LTO anode during synthesis and operation.
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2. Results

2.1. Electrochemical Performance of the
Ice-Water-Quenched LTO

The ice-water-quenched LTO (IWQ-LTO) were produced by
heating a commercial LTO powder to 800 °C and then dropping
it directly in ice water (detailed synthesis conditions provided
in the Methods). Its performance was analyzed in a half-cell.
The galvanostatic charge-discharge test of IWQ-LTO at 1C
shows a specific capacity of 202 mAh g! between 1.0 and 2.5V
(Figure 2a), which exceeds the capacity limit of traditional LTO
(175 mAh g) by =15.4%, and is 30% greater than the experi-
mental value of the pristine sample in this study (155.4 mAh g).
In a test between 0 and 2.5 V at 1C, the discharge capacity of
IWQ-LTO further increases to 360 mAh g™ (Figure S1, Sup-
porting Information). While the discharge capacity between

www.advmat.de

0 and 1.0 V comes from the additional occupancy of Li at 8a
sites near the surfaces of the rocksalt product,®1% the length
of the voltage plateau at =1.5 V is correlated with the amount
of reversibly extractable Li inside the bulk phase.**!l Hence, it
is speculated that the increased capacity for IWQ-LTO as com-
pared to pristine LTO at this voltage plateau is resulted from a
higher degree of delithiation upon charge.

Remarkably, the rate capability and cyclability of IWQ-LTO
are also outstanding. When working at 10C, IWQ-LTO can
deliver a capacity of 176 mAh g™! (Figure 2b) between 1.0 and
2.5 V, which is over 40 mAh g higher than that of pristine
LTO. For all rates tested, the capacity of this ice-water-quenched
product is, to the best of our knowledge, the highest among all
the LTO-based anodes (Figure 2¢c; Table S1, Supporting Infor-
mation). After 2500 cycles at 5C, the IWQ-LTO electrode retains
~88% of the original capacity without discernible change in
the voltage profile, and has an average Coulombic efficiency of
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Figure 2. Electrochemical performance of IWQ-LTO electrode. a) Voltage profiles of IWQ-LTO and pristine LTO in the 1.0-2.5 V range at 1C. b) Rate
performance comparison between IWQ-LTO and pristine LTO. c) Comparison of the capacity of IWQ-LTO to those of state-of-the-art LTO-based
anodes as reported in the literature: LTO/carbon nanotube,'? LTO/graphene,! nanosized LTO/carbon, W-Br-codoped LTO,[ LTO/TiO,/carbon,
LTO/N-doped carbon, "] LTO/carbon nanocomposite, and LTO hollow spheres.[® d) Voltage profiles of IWQ-LTO for the 1st, 2nd, and 2500th at 5C.
e) Cycling performance comparison between IWQ-LTO and pristine LTO at 5C.
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=99.95% (Figure 2d,e). Scanning electron microscopy (SEM)
images show negligible morphology evolution after 300 cycles
(Figure S2, Supporting Information). Samples with different
heating durations display similar long-term cycling stability
(Figure S3, Supporting Information), suggesting that this
superior performance is by no means fortuitous. In addition,
the cyclic voltammetry (CV) measurements indicate a slightly
less pronounced polarization for IWQ-LTO than pristine LTO
(Figure S4, Supporting Information), which can be mainly
attributed to the enhanced electronic conductivity in the highly
defective structure given the negligible change in particle size
after heating—quenching treatment (Figure S5, Supporting
Information).?”l This finding coincides with the outcomes from
the analysis of electrode impedance spectra (Figure S6, Sup-
porting Information).?!l We have also calculated the lithium
diffusion coefficient (Figure S6 and Table S2, Supporting
Information), which is significantly improved in IWQ-LTO as
compared with pristine LTO.

2.2. Characterization of the Ice-Water-Quenched LTO

In situ and ex situ spectroscopy techniques were used to ana-
lyze the structural evolution during the synthesis of IWQ-LTO.
According to the theoretical dependence of Vg, concentra-
tion on temperature, i.e., n = Nexp(—AGy/kT) (N is the total
number of normally occupied atom sites, AGy is the Gibbs
free energy for the formation of a vacancy, k is the Boltzmann
constant, and T is temperature),??l oxygen deficiency would
accumulate upon heating. We employed in situ thermogravi-
metric analysis (TGA) to keep track of the mass change during
alternating slow heating and cooling of LTO (Figure 3a). The
periodic fall and rise of the TGA curve implies the release and
uptake of oxygen.?3] Note that the TGA results can only afford
preliminary information for the defect content, whereas X-ray
absorption spectroscopy (XAS) measurements can be accu-
rately related to the valency of metal ions. In situ X-ray absorp-
tion near-edge structure (XANES) was therefore utilized to
probe the oxidation states of Ti ions at various temperatures
(Figure 3b). The systematic shift of the Ti K-edge to lower ener-
gies at elevated temperatures proves the reduction of Ti*" ions
to Ti** (Figure 3c),”¥ thus adding credence to the idea that
Vo are formed during heating. The average oxidation state of
Ti, reaching +3.5 at 800 °C, goes back to around +3.9 upon
natural cooling to room temperature (Figure 3d,e), which sug-
gests the annihilation of Vi and the recovery of the structure
close to pristine Li TisOy,. Another justification of the depletion
of lattice O ions at high temperatures comes from the in situ
X-ray absorption fine structure (XAFS) measurements, which
reveal the continuous decrease in amplitudes of Ti-O and
Ti-Ti peaks during heating (Figure S7, Supporting Informa-
tion). This trend can be rationalized by the formation of Vg,
and is reversed when the sample is naturally cooled down
(Figure S8, Supporting Information).2%!

As compared to natural cooling that permits the recombi-
nation of Vg and external oxygen in the cooling process, the
quenched samples do not have enough time to be restored to
their perfect crystal structure. Presumably, this highly defective
structure encompassing large quantities of V, will be stabilized
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after quenching due to the limited kinetics of Ti and O ions at
room temperature. The morphology of IWQ-LTO is revealed by
SEM images, which indicate the formation of micro-spherical
secondary particles (3-6 wm) comprising relatively loose aggre-
gates of nanosized grains (Figure S9, Supporting Informa-
tion). In the XANES spectra, a substantial discrepancy between
the pristine and quenched samples is witnessed (Figure 3b).
The oxidation state of Ti in IWQ-LTO is estimated to be
3.55 (Figure 3e), validating the significant off-stoichiometry.
The high-resolution X-ray photoelectron spectroscopy (XPS)
O 1s spectrum of IWQ-LTO (Figure 4a) can be deconvo-
luted into lattice O (529.8 eV), Vo (531.3 eV), and adsorbed
O (532.3 eV).’’) We note that the shift of the O 1s peaks
between pristine LTO and IWQ-LTO is consistent with the
results of oxygen-deficient TiO, reported in the literature.l2l
In the XPS Ti 2p spectrum (Figure 4b), a new peak emerges
at 458.2 eV, indicative of Ti** ions.”! This result is compatible
with the Raman spectra showing the blueshift of the peak at
~140 cm™ that implies the reduction of Ti*" (Figure S10, Sup-
porting Information).”’) The TGA data of IWQ-LTO at 800 °C
in N, atmosphere (Figure S11, Supporting Information) reveal
a lower mass loss than pristine LTO, which is attributable to
a concentration of Vg being closer to its equilibrium value
at high temperature.l?®! The results of XAFS (Figure S7, Sup-
porting Information) are consistent with the above analysis,
in which a less pronounced Ti-O peak in IWQ-LTO than the
pristine sample is most probably linked with the removal of
lattice O ions.**] We have tested the XPS of IWQ-LTO after
exposing the sample to the air for 7 days, and the preservation
of substantial oxygen deficiency is justified (Figure S12, Sup-
porting Information), indicating considerably high stability of
these defects at room temperature.

Nearly all the Xray diffraction (XRD) peaks of the
IWQ-LTO sample can be assigned to a spinel structure with a
space group of Fd-3mi?! (Figure 4c). Rietveld refinement of the
XRD data has unveiled the cation rearrangement, showing that
the Ti content at 16d sites is increased from 83.3 at% in pristine
LTO to 88.5 at% after ice-water quenching. We note that there
exist some impurity phases (IP), all of which can be indexed
to an orthorhombic structure. Nevertheless, their amount is
negligibly small (<5%) and can hardly influence the capacity on
a large scale.

The defect enrichment is also confirmed by the high-angle
annular bright-field scanning transmission electron micro-
scopy (HAABF-STEM) images shown in Figure 4d,e. The
[110] HAABF-STEM images demonstrate the preservation
of Ti sublattice in a spinel structure after quenching, while
the intensity profiles crossing the O columns indicate subtle
differences between both samples. Variations of intensity among
different O sites are clearly observed in IWQ-LTO, which drasti-
cally contrasts with the uniform pattern in the pristine mate-
rial that represents an intact O sublattice. This directly supports
the absence of O at specific sites in the quenched sample.
Moreover, the reduction of Ti ions can be further corroborated
by STEM electron energy loss spectroscopy measurements
(Figure S13, Supporting Information), which reveal the rise of
the O 2p — Ti 3d(e,) peak and the decay of the O 2p — Ti 3d(t,g)
peak within the 530-538 eV region, a typical signature of
increasing Ti*" species.[3!
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Figure 3. Effect of temperature on Vg content and Ti oxidation states in LTO. a) In situ TGA curve of LTO under alternating slow heating and cooling
sequences. The intensity of red and black color of the data points and curves analogically indicates the temperatures of the samples. b) In situ XANES
spectra of LTO heated to different temperatures. c) The oxidation states of Ti ions as deduced from the in situ XANES spectra of LTO at elevated
temperatures. d,e) The evolution of XANES spectra of LTO during natural cooling (d) and the corresponding oxidation states of Ti (e). The XANES
spectrum of LTO after ice-water quenching is also plotted in (b), and the corresponding valency of Ti is provided in (e).

A perceptible color change of LTO from white (pristine) to
green (IWQ) is found, which agrees with the dramatic differ-
ence in the ultraviolet-visible (UV-vis) absorption spectra
(Figure S14, Supporting Information). The existence of defect
levels in the bandgap of IWQ-LTO, as inferred from the UV-vis
results (Figure S15, Supporting Information),*?l is consistent
with the density functional theory (DFT) calculations for the
oxygen-deficient LTO structure (Figure S16, Supporting Infor-
mation). Together, the spectroscopic data and observations
unambiguously prove the high degree of structural defective-
ness in IWQ-LTO.

2.3. Li Storage Mechanism in Quenched LTO

We propose two mechanisms, one involving Vg and the other
involving Li/Ti redistribution, both of which can allow for a
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capacity beyond the theoretical value of pristine LTO (Figure 5).
Here, the structures of LiyTisO;, and Li;TisO;, are represented
as  [Lis]®[LiyTis]'*{Op,]*>* (spinel) and [Lig]'*[Li;Tis]'*{Oy,]*>
(rocksalt), respectively. In the discharge process of Li;TisOq,,
Li ions are inserted into one-half of the octahedral 16c sites,
with the remaining half occupied by the existing Li migrating
from the 8a sites. This is a two-phase transition reaction
corresponding to a capacity of 3 Li per formula unit (f.u.).
The oxygen-deficient [Li;]*[Li;Tis]"4[0;,_,*2¢ yields the same
amount of capacity in the first discharge process (Mechanism
1in Figure 5). However, there are a larger number of Ti** ions
in the discharged product, [Lig]"*‘[Li;Tis"*4[O;,_,J*%¢, than the
defect-free Li;TisO;,, owing to the extra electrons introduced
by Vo. If all the Ti ions are oxidized to Ti*' in the subsequent
charge process, a total of 3+2x Li/f.u. will be deintercalated,
and thereby the specific capacity in the following cycles would
exceed that of pristine LTO (3 Li/f.u.). According to DFT
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Figure 4. Characterization of IWQ-LTO and pristine LTO. a,b) XPS O 1s (a) and Ti 2p (b) spectra of IWQ-LTO (top) and pristine LTO (bottom).
c) XRD patterns and Retvield refinement of IWQ-LTO (top) and pristine LTO (bottom). The Li/Ti ratios at 16d sites are 88.5 and 83.3 at% for IWQ-LTO
and pristine LTO, respectively. d,e) [110] HAABF-STEM images of IWQ-LTO (d) and pristine LTO (e). The intensity profiles highlight the nonuniform
distribution of O ions among the O atomic columns in IWQ-LTO, where columns marked with star symbols indicate excessive V. Color code: Ti,

orange; O, red; Li, green.

calculations, the charged product is [Li;_J?[Li;_,Tis]'*Y[Ory_,]*%
since it is the most energetically favorable configuration at this
composition (Figures S17 and S18, Supporting Information). In
this scenario, 2x Li ions per f.u. is additionally activated, and
it would account for 2x/3 relative increase in the total capacity
as referenced to pristine LTO. Since the V, content is x/12,
the ratio between relative capacity increase and Vq content is
((2x/3)/(x/12)) = 8. Hence, we can expect that a concentration of
1 at% Vo could contribute to 8% increase in the capacity of the
anode. DFT calculations predict an average Li (de)intercalation
potential of 1.56 V for a structure with about 3 at% V,, which
is slightly higher than that of the pristine LTO anode (1.45 V).
Superconcentrated V could facilitate atomic rearrangement
so as to relieve internal stress. One viable avenue is to squeeze
the vacancies out of the bulk phase and concurrently push the
Li ions located at 16d sites to the 16c¢ sites (blue dashed rectangle
in Figure 5). As a result, the anion sublattice retains its perfect
structure while the Li/Ti ratio on 16d sites deviates from 1:5. It
is worth emphasizing that the stoichiometry of Li,TisOy,_, and

Adv. Mater. 2023, 35, 2208573

2208573 (6 of 11)

the Ti oxidation state are supposed to be kept constant during
this structural transition. Hence, the process of V, elimination
is different from the classical microscopic picture of external
oxygen incorporated into the vacant site, which sees no need
for the redistribution of other cations. Since Li at the 16c¢ sites
in a spinel structure is unstable, the following reaction will take
place:

. 18apy e 3- A 16d .
[Ll;]s [LlTls]u’d[Ou_x]n N k) . [L ]8 [Lhz 6x I1 60 ] [012]32

12-x 12-x
. 16d
+ Z[Li()]lﬁc I:Lllz,()le 60 ] [O12 ]32&
4 2% 12-x

with the first and second terms being the spinel and rocksalt
phases, respectively. The configuration with Li/Ti redistribution
has different redox reactions (Mechanism 2 in Figure 5, detailed
formulation given in the Supporting Information) from that
of Vq. After the first cycle, the extractable content of Li would
become 3 + x per unit of Li TisO,_,, indicating that 1 at% of
original Vg can produce 4% increase in the capacity after the
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Figure 5. The influence of Vg and cation redistribution on the capacity of LTO. Li,TisOs,_, is taken as the initial state, which has a tendency to be
transformed into a configuration with Li/Ti redistribution (blue solid rectangle). The transformation (blue dashed rectangle) involves the diffusion of
Vo to the surface (i) and the synergistic displacement of cations (ii), resulting in the emergence of a small amount of rocksalt phase and the shrinkage
of the oxygen sublattice (iii). In Mechanism 1, every x Vg per f.u. of LiyTisOq,_, leads to an excess capacity of 2x Li/f.u. after the first discharge. In
Mechanism 2, assuming that the stoichiometry of Li,TisO;,_, is maintained after Li/Ti redistribution, an excess capacity of x Li/f.u. would be expected.

atomic rearrangement. A lower capacity than Mechanism 1 is
therefore anticipated for Mechanism 2 with the same amount
of original V. Nevertheless, Reaction (1) tends to be exothermic
according to the DFT calculation results (AG = -1.1 eV/fu.
at x = 0.57; see Figure S19 in the Supporting Information),
which suggests improved thermodynamic stability after the
atomic rearrangement, and consequently a high likelihood of
Mechanism 2 is encountered.

It is worth mentioning that the amount of Li at 16d sites is
decreased from 16.7 at% in pristine LTO to 11.5 at% in IWQ-
LTO (Figure 4c). The corresponding amount of Vg leading to
this rearrangement is 5.8 at% (x = 0.7 in Equation (1)), which
can yield up to 23% larger capacity than the theoretical value
of pristine LTO. However, as the concentration of Vg and the
proportion of Ti** ions cannot be unambiguously quantified
from the spectroscopic measurements, we are precluded from
directly assessing the individual contributions of V and 16d-Li/
Ti ratio to the release of latent capacity. Nevertheless, we believe
that both mechanisms could occur simultaneously. More
importantly, a robust conclusion can still be drawn that the
experimentally obtained IWQ-LTO is severely off-stoichiometric
with significant participation of V and cation redistribution as
the key factors that differ its structure from that of pristine LTO.

To further substantiate the theoretical analysis, we conducted
ex situ XANES measurements to investigate oxidation states
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of Ti ions in the first cycle (Figure 6a—c). At the initial state,
the average valency of Ti in IWQ-LTO is much lower than that
of pristine LTO. After the first discharge, the discrepancy in
oxidation states between both samples is reduced. Given that
the valence change of Ti is linearly correlated with the amount
of Li intercalation,?¥l this result is indicative of less interca-
lated Li in IWQ-LTO than pristine LTO, which agrees well with
the theoretical expectation (3 — x Li/f.u.) for the case of Li/Ti
redistribution (Figure 5). Here, caution has to be exercised
when considering the actual capacity of the first discharge as
shown in Figure 2d, since a proportion of the capacity likely
stems from surface reactions.*¥ During the subsequent charge,
most of the Ti** ions are oxidized to Ti*, resulting in fairly
close average oxidation states for both IWQ-LTO and its coun-
terpart. We note that a larger valence change of Ti is observed
for IWQ-LTO at this time, meaning that the amount of deinter-
calated Li in IWQ-LTO exceeds pristine LTO. It can be drawn
that a certain amount of native Li in the bulk of the as-prepared
IWQ-LTO will be lost after the first discharge—charge cycle,
which is exactly in line with the mechanistic scenario outlined
above for the acquisition of additional capacity. XAFS spectra
(Figure 6d,e) show the elongation of Ti-Ti bonds after the
first discharge, which can be ascribed to the expansion of the
lattice upon Li intercalation. After charge, the Ti-Ti bond
length in IWQ-LTO shrinks to a value lower than its initial
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Figure 6. Li (de)intercalation in the first cycle. a—c) Ex situ XANES spectra of IWQ-LTO (a) and pristine LTO (b) at the initial, 1.0 V discharged
and 2.5 V charged states, and the corresponding oxidation states of Ti ions (c). d,e) XAFS spectra of IWQ-LTO (d) and pristine LTO (e) in the first

discharge—charge cycle.

value, in sharp contrast to the pristine LITO where the bond
length change is essentially irreversible. This result is parallel
to the trend of Ti oxidation state and implies a higher degree of
delithiation in IWQ-LTO.

We have also carried out in situ XRD to examine the struc-
tural evolution of pristine LTO and IWQ-LTO during charge
and discharge process. As shown in Figure S20 (Supporting
Information), the peak positions of (111), (311), and (400) crystal
planes in pristine LTO and IWQ-LTO undergo slight scale shifts
during charge/discharge cycling. The change in lattice para-
meters is negligible, consistent with the zero-strain property
of LTO. More importantly, comparing the in situ XRD data of
pristine L'TO and the IWQ-LTO, we found that there is obvious
hysteresis for the (111) peak of pristine LTO during cycling,
while this is not observed in IWQ-LTO. In pristine LTO, the
(111) peak remains nearly unchanged in the early stage of
discharge and starts to move to a higher angle afterward, but
in IWQ-LTO, this peak steadily shifts to higher angle from
the beginning of discharge. The overall evolution of (111) peak
for IWQ-LTO shows better symmetry, indicating the excellent
reversibility of Li intercalation and extraction in long-term
cycling, which is consistent with the ex situ XAS results.

2.4. Effective Tuning of Defect Concentration
and Electrochemical Performance

Ice water is an ideal quenching agent due to its low cost and
high efficiency, which makes it suitable for industrial produc-
tion of quenched LTO. Here, we show that the concentration of
Vo and the Li/Ti ratio on 16d sites can be effectively tuned by
the choice of quenching agent, which enables the modulation
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of the electrochemical performance of the quenched LTO
anodes. As a demonstration, we have replaced ice water with
liquid nitrogen. It is noteworthy that although the temperature
of liquid nitrogen is below that of ice water, the cooling rate of
substances in liquid nitrogen is lower than in ice water due to
the Leidenfrost phenomenon.?%! The liquid-nitrogen-quenched
LTO (LNQ-LTO) exhibits morphological features similar to
IWQ-LTO according to the SEM images (Figure S21, Supporting
Information). HAABF-STEM image supports evidence to con-
firm the existence of Vg inside the bulk phase (Figure S22,
Supporting Information). We estimate the concentration of Ti**
ions via XANES, while the V content near the surface region
can be roughly quantified by XPS measurements. As illustrated
in Figure 7a,b and Figures S23 and S24 (Supporting Informa-
tion), LNQ-LTO is less defective than IWQ-LTO. It appears that
a lower quenching rate could lead to a lower degree of oxygen
deficiency, because the recombination with external oxygen is
more pronounced. XRD refinement suggests a Ti content of
87.6 at% at 16d sites in LNQ-LTO (Figure 7c), meaning that the
Li/Ti redistribution is less prominent than in IWQ-LTO. The
Li/Ti redistribution level in LNQ-LTO can contribute to a max-
imum increase of 19% in capacity with respect to pristine LTO.
A reversible capacity of 187 mAh g is achieved in LNQ-LTO
over the 1.0-2.5 V range at a current rate of 1C (Figure 7d). The
increased capacity as compared to pristine LTO can be ascribed
to the elongation of the =1.5 V plateau, implying an elevated
degree of delithiation upon charge, similar to the case of
IWQ-LTO. An extended cycling test at 5C shows that LNQ-LTO
can output 165 mAh g™ after 300 cycles (Figure 7e), which is
higher than pristine LTO, but beneath that of IWQ-LTO. The
inferior electrochemical performance of LNQ-LTO in compar-
ison to IWQ-LTO corroborates our reasoning that the excess
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performance of IWQ-LTO at 5C for 300 cycles.

specific capacity of the quenched product arises from Vg and
Li/Ti redistribution, and hence is proportional to the degree
of structural defectiveness. Furthermore, based on the above
findings, it is feasible to fine-tune the structural defective-
ness via the adjustment of quenching conditions, including
the quenching agent and the initial heating temperature
(Figure 3c), which offers hope for the optimization of such
quasi-equilibrium defective structures for the design of highly
performing LIB electrodes.

3. Conclusions

We have demonstrated the opportunities offered by intrinsic
defects to activate Li ions that are conventionally not extract-
able in an electrode material. As exemplified by the LTO
anode, highly defective structures with abundant Vo, and
cation redistribution can be realized via a heating—quenching
treatment, a technique that can be directly applied to current
commercial electrodes. In situ and ex situ spectroscopy tech-
niques have confirmed the oxygen off-stoichiometry with which
native Li ions in LTO can readily be extracted during delithi-
ation owing to the introduction of excess electrons. By virtue
of the stabilized defects after ice-water quenching, a sus-
tained reversible capacity of 202 mAh g is achieved between
1.0 and 2.5 V, reaching 115.4% (130%) of the theoretical
(experimental) capacity of pristine LTO. A specific capacity of
176 mAh g is retained even at 10C. The tunable defect con-
centration depending on the choice of quenching agent allows
us to further optimize the electrochemical performance. We
believe that our discovery can be generalized to other materials
systems, and the quenching treatment can be implemented as
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a cost-effective strategy for intrinsic defect engineering, which
can be leveraged in an industrial context to promote the energy
density of existing electrodes for use in EVs.

4. Experimental Section

Material Preparations: The IWQ-LTO sample was prepared from
commercial LTO powder (Tianjin Jiewei). Pristine LTO (5 g) was
first sonicated in 3 mol L™' NaCl solution for several hours. After
centrifugation and removing the supernatant solution, the sample was
dried at 60 °C for 3 h, heated at 800 °C for 0.5 h in the muffle furnace,
and then thrown into ice water immediately. At last, the quenched
sample was dried at 80 °C for 6 h. LNQ-LTO was prepared within the
same method and different quenching agent.

Material Characterization: The X-ray absorption near-edge structure
(XANES) spectra at Ti K-edge was collected in transmission mode and
XANES data reduction and analysis were processed by Athena software.
Pristine LisTisO;, at room temperature was taken as the reference
material for the calibration curve. The X-ray photoelectron spectroscopy
(XPS) spectra were conducted on a multifunctional imaging electron
spectrometer (Thermo ESCALAB 250XI, Monochromatized Al Ko
resource). Scanning electron microscopy (SEM, SU8020) and high-
resolution transmission electron microscopy (HRTEM, Tecnai G20)
were conducted to characterize the morphology and structure of
the obtained LTO. The atomic structure was characterized using an
ARM-200CF (JEOL, Tokyo, Japan) transmission electron microscopy
(TEM) operated at 200 keV and equipped with double spherical
aberration (Cs) correctors. The angular bright-field (ABF) images were
acquired with a collection angle of 12-24 mrad. The spot size was
chosen to be 8C to avoid electron bean irradiation. The fine structure
of the electron energy loss spectroscopy (EELS) spectrum was obtained
with an energy resolution about 0.5 eV at 200 keV. XRD pattern was
collected on a Cu-Ke radiation (4 =1.5405 A) and the diffraction pattern
with Rietveld refinement was performed by the RIETAN-2000 program.
Raman spectra were examined on a Renishaw system 100 Raman fiber
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spectrometer and UV-vis diffusion reflectance spectra were collected
on a Thermo Nicolet Evolution 500 UV-vis spectrophotometer. Thermo-
gravimetric analysis (TGA) measurement was performed on a Rigaku
Thermoflex PTC-10A thermal analyzer with a heating rate of 5 °C min™" in
air or N, atmosphere.

Electrochemical Measurements: The galvanostatic charge—discharge
cycling was studied on a LAND-CT2001A battery tester at different rates
(1C =175 mA g™") within the voltage range of 1-2.5 V. The electrolyte
was 1 M LiPFg in a 1:1:1 (w/w) mixture solution of ethyl carbonate (EC),
ethyl methyl carbonate (EMC) and dimethyl carbonate (DMC). Working
electrodes (around 1 mg cm™2 in loading) were prepared by mixed LTO,
carbon black and polyvinylidene fluoride (PVDF) in a weight ratio of
7:2:1, with N-methyl pyrrolidinone as the dispersant, on a copper foil and
dried at 60 °C for 24 h. CV and electrochemical impedance spectroscopy
(EIS, frequency 100 kHz to 10 MHz) were carried on a CHI660D
electrochemical workstation.

DFT Calculations: DFT calculations were performed using Vienna
Ab initio Simulation Package (VASP).®l The electron—core interactions
were treated in the projector augmented wave method®”! with a cutoff
energy of 520 eV. The Perdew-Burke—Ernzerhof exchange-correlation
functional® was employed with Hubbard U corrections (PBE+U) to take
account of the on-site Coulomb interaction.?®) The value of 4.2 eV for
the U parameter of Ti ion was adopted from previous studies.l” The
k-point sampling density of at least 1000/ (the number of atoms per cell)
within the Monkhost-Pack schemel!l was found sufficient for energy
convergence.

Supporting Information

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