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A B S T R A C T

The zero-strain spinel Li4Ti5O12 stands out as a promising anode material for lithium-ion batteries due to its
outstanding cycling stability. However, the limited theoretic specific capacity, low Liþ diffusion coefficient and
electronic conductivity severely hinder its practical application. In this study, we demonstrate a strategy of
introducing abundant oxygen vacancies not only on the surface and but also inside the bulk of Li4Ti5O12 particles
via reductive thermal sintering. The oxygen vacancies can significantly enhance the electronic conductivity and
lithium-ion diffusion coefficient of Li4Ti5O12, leading to a remarkable improvement in rate performance and a
reduction in polarization. Moreover, additional lithium-ion accommodation sites can be created at the defective
surface, contributing to a high specific capacity of over 200 mAh g�1.
1. Introduction

In recent years, lithium-ion batteries have seen widespread use in
various electronic devices, including mobile phones, laptops, electric bi-
cycles, and electric vehicles. This popularity is due to their numerous ad-
vantages, such as high operating voltage, high energy density, memory-
free characteristics, and long cycle life [1,2]. Currently, graphite and its
derivatives are the most commonly used materials for negative electrodes
[3]. However, these carbon materials are prone to reacting with the elec-
trolyte to form a solid electrode/electrolyte interface (SEI) film during
operation, resulting in the loss of active lithium ions in the electrolyte [4].
Furthermore, the repeated intercalation and deintercalation of lithium ions
deteriorate the structures of carbon materials, causing significant degra-
dation. The growth of lithium dendrites can also cause short circuits in
batteries, posing safety hazards such as fire and even explosion during
high-power pulse charging [5,6]. Therefore, there is an increasing need to
discover new negative electrode materials that are safe, reliable, and offer
higher specific capacity and longer cycle life.
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Compared to carbon anodes, spinel lithium titanate is seen as a
promising anode material for lithium-ion batteries because of its excel-
lent structural stability and good cycle life. It is particularly suitable for
large-scale energy storage applications [7]. Lithium titanate Li4Ti5O12
(LTO) is known as a “zero strain material” due to its negligible volumetric
change during lithium-ion intercalation and deintercalation, resulting in
excellent cycling performance [8–10]. LTO also possesses excellent safety
characteristics and relatively higher intercalation potential (1.55 V vs.
Li/Liþ) of lithium ions during the discharge process, helping to prevent
the lithium dendrites and SEI formation [11], also helpful for the appli-
cation of LTO in aqueous batteries [12]. However, its low electronic
conductivity (< 10�13 S cm�1) and limited Liþ diffusion coefficient
severely restrict the high-rate performance of LTO, hindering the full
utilization of its theoretical capacity (175 mAh g�1) [13–16].

To address these drawbacks, numerous studies have been conducted on
thedopingof elements suchasCr,W,Na, andV, aswell ascarboncoating, to
modify the LTO structure, resulting in significant progress [17–21]. Recent
research has shown that introducing oxygen vacancies can effectively
pkusz.edu.cn (F. Pan).
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enhance the electrochemical properties and cycling performance of LTO
materials. The existence of oxygen vacancies narrows the bandgap, thereby
improving the electronic conductivity of LTO and enhancing the diffusion
kinetics of lithium ions. As a result, LTO materials with higher energy
density and improved rate performance have been achieved [22–27].

Here, through thermal reduction, we reconstruct the spinel LTO
structure with substantial oxygen vacancies. The introduced oxygen va-
cancies distributed both on the surface and within the bulk of LTO par-
ticles greatly promote the charge transfer within the LTO particles,
resulting in excellent rate performance. Furthermore, the rapid trans-
mission of lithium ions and electrons mitigates polarization, allowing the
theoretical capacity (175 mAh g�1) of LTO to be fully realized. Conse-
quently, the as-prepared LTO negative electrode material exhibits an
ultra-high specific capacity of over 200 mAh g�1 and stable cycling
performance under 5 C. The demonstrated structural reconstruction
strategy to regulate lithium-ion diffusion and storage open up new di-
rections for the advancement of industrial applications of LTO materials.

2. Results and discussion

The only difference between Li4Ti5O12 (P-LTO) and Li4Ti5O12–x (OV-
LTO) during the synthesis process is the sintering atmospheric condi-
tions, with P-LTO synthesized in an argon atmosphere while OV-LTO in
an Ar/H2 mixture reductive atmosphere. The H2 atmosphere induces the
generation of oxygen vacancies, leading to the formation of color center
orbitals in the oxide. These color center orbitals readily capture photons,
resulting in a darker color of OV-LTO [28,29]. Fig. S1 demonstrates the
different colors of P-LTO (white) and OV-LTO (blue), indicating a higher
concentration of oxygen vacancies in OV-LTO. Scanning electron mi-
croscopy (SEM) images of P-LTO and OV-LTO are displayed in Figs. S2
and 1(a), respectively. The morphology and particle size of both mate-
rials are similar (~1 μm). X-ray diffraction (XRD) data in Fig. S3 confirm
that P-LTO and OV-LTO are pure phases without heterophase like TiO2,
which could affect capacity [30–32]. Fig. 1(b) provides the XRD patterns
for the (111) lattice planes of P-LTO and OV-LTO. The introduction of
oxygen vacancies in OV-LTO leads to a significant presence of Ti3þ,
causing lattice expansion and a shift in the diffraction peak towards a
smaller angle [22,33]. This suggests that the oxygen vacancies in OV-LTO
are distributed throughout the entire particle, considering the detection
depth of XRD. High-resolution transmission electron microscopy
Fig. 1. (a) SEM observation of OV-LTO. (b) XRD patterns of the (111) lattice planes f
LTO. (e) XPS core spectra of Ti 2p for P-LTO and (f) XPS core spectra of Ti 2p for O
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(HRTEM) data for P-LTO and OV-LTO are shown in Figs. 1(d) and S4,
respectively. Further analysis (Fig. S5) reveals that the (111) lattice plane
distances of P-LTO and OV-LTO are 0.481 and 0.485 nm, respectively,
consistent with the XRD data. Electron paramagnetic resonance (EPR)
was utilized to characterize the presence of oxygen vacancies (Fig. 1(c)).
The g-factor (g ¼ 2.08) for both P-LTO and OV-LTO can be determined
from the EPR results, indicating the presence of unpaired electrons
captured by oxygen vacancies [24,34]. It is worth noting that P-LTO also
shows a signal at g ¼ 2.08, which may be attributed to trace oxygen
vacancies on the surface of P-LTO. It should be pointed out that compared
to the work of Huang and Chen, the OV-LTO signal in our work is more
pronounced, indicating that the OV-LTO has a higher concentration of
oxygen vacancies [22,24]. Combining XRD and TEM results, it can be
inferred that the high concentration of oxygen vacancies is attributed to
the oxygen vacancies in the LTO bulk phase. The Raman data corroborate
the EPR results, showing a blueshift of the peak at 150 cm�1, which
implies the reduction of Ti4þ (Fig. S6) [23,24]. X-ray photoelectron
spectroscopy (XPS) data in Fig. 1(e) show that Ti ions in P-LTO exist as
Ti4þ, suggesting negligible oxygen vacancy content. This is consistent
with the XPS data for O in P-LTO shown in Fig. S7(a). In contrast, OV-LTO
exhibits a significant amount of Ti3þ (Fig. 1(f)) and oxygen vacancies
(Fig. S7(b)). The oxygen vacancy concentration was determined to be
4.65� 1021 vacancies cm3 by comparing the peak areas of Ti3þ and Ti4þ,
which corresponds to approximately 10.2% of the total oxygen atoms
being vacant. In conclusion, we successfully introduced rich oxygen va-
cancies both on the surface and within the bulk of OV-LTO material by
utilizing the Ar/H2 sintering environment, without generating any im-
purities or affecting particle size and morphology.

To further verify the electrochemical characteristics of P-LTO and OV-
LTO, coin cells were assembled with as-prepared electrode material, and
the galvanostatic charge/discharge profiles were analyzed. Measure-
ments were conducted at a current density of 0.1 C between a voltage
range of 1.0–3.0 V, as shown in Fig. 2(a and b). Both P-LTO and OV-LTO
exhibit a pair of distinct charge and discharge plateaus around 1.55 V,
corresponding to the Liþ intercalation and deintercalation process in LTO
as follows:

Li4Ti5O12 þ 3Liþ þ 3e� ¼ Li7Ti5O12 (1)

Notably, the potential gap between the charge and discharge plateaus
for the OV-LTO electrode is 100 mV, smaller than that of P-LTO (130 mV),
or P-LTO and OV-LTO. (c) EPR spectra of P-LTO and OV-LTO. (d) HRTEM of OV-
V-LTO.



Fig. 2. The typical voltage curves at 0.1 C rate of (a) P-LTO and (b) OV-LTO. (c) Charge curves of P-LTO and OV-LTO at 0.1 C. (d) The corresponding capacity
contribution of different phases for P-LTO and OV-LTO. In-situ Raman spectroscopy observation of (e) P-LTO and (f) OV-LTO during cycling.
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indicating facilitated reaction kinetics of OV-LTO due to the generation of
oxygen vacancies. In Fig. 2(c), we compare the discharge profiles of P-LTO
and OV-LTO at 0.1 C. Three typical stages can be identified including: C1,
from the open-circuit potential to ~1.55 V, corresponding to the inter-
calation of Liþ into the LTO solid solution; C2, the discharge plateau at
~1.55 V, involving the dual-phase transformation of Li4Ti5O12 to
Li7Ti5O12; and C3, the potential region from ~1.55 to 1 V, related to Liþ

storage at the solid-liquid and solid-solid interfaces [24]. In general, the
lithium-ion interaction during C2 dominates the intrinsic capacity of LTO,
while C1 and C3 represent pseudocapacitive behaviors. The presence of
this pseudocapacitance has resulted in reports of LTO demonstrating ca-
pacities that reach or even exceed its theoretical capacity (175 mAh g�1)
[35]. Fig. 2(d) shows that the certified capacity density of P-LTO (corre-
sponding to the C2 part) is 150 mAh g�1, much lower than the theoretical
specific capacity of LTO owing to sluggish electron and Liþ ion transport.
The generation of abundant oxygen vacancies in OV-LTO facilitates the
rapid transfer of electrons and Liþ ions, resulting in an enhanced intrinsic
capacity of 174.6 mAh g�1. The C1 capacity of both P-LTO and OV-LTO is
nearly identical, indicating the absence of impurities such as TiO2, which
could otherwise increase the material's capacity density [30–32]. Addi-
tionally, the C3 capacity of OV-LTO is 13.6 mAh g�1, higher than that of
3

P-LTO (9.8 mAh g�1), indicating the increase in accommodation sites of
Liþ ion at the defective surface [36–38]. To reveal the surface structural
evolution of the LTO anode during cycling, in-situ Raman spectra (Fig. 2(e
and f)) were conducted. Three typical peaks centered at ~233, 429 and
675 cm�1, corresponding to the characteristic F2g, Eg and A1g modes of
Ti–O vibrations, respectively. During cycling, all peaks disappear in
OV-LTO at low voltages, suggesting the destabilization of Ti–O bonds
because of the adsorption of lithium ions in oxygen vacancies [39]. To
further explore the mechanism by which oxygen vacancies enhance the
capacity of OV-LTO, we calculated the oxygen vacancy formation energy
(Evac) for the two distinct oxygen sites in Li4Ti5O12 and the voltage plateau
associated with lithium extraction from the lattice (U) (Fig. S9). The
theoretical calculations, combined with in-situ Raman spectroscopy re-
sults, reveal that the presence of oxygen vacancies induces partial reduc-
tion of Ti to the þ3 oxidation state. This not only facilitates the further
extraction of lattice lithium, but also enhances the electronic conductivity
by modifying the electronic structure of OV-LTO. Moreover, oxygen va-
cancies provide more efficient diffusion pathways for lithium ions by
reducing the interaction between oxygen ions, thereby improving the
overall ion mobility. In summary, the introduction of abundant oxygen
vacancies in LTO not only fully demonstrates the intrinsic capacity of LTO
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but also provides some additional capacity density through the adsorption
of lithium ions by oxygen vacancies. Combined with the existing pseu-
docapacitance effect, the capacity density of OV-LTO reaches
198.6 mAh g�1.

The rate performance of P-LTO and OV-LTO at current densities
ranging from 0.1 to 10 C is shown in Fig. 3(a). It can be observed that the
average discharge capacity of OV-LTO is 198 mAh g�1 at 0.1 C, signifi-
cantly higher than that of P-LTO (162mAh g�1). At high current densities,
the capacity of P-LTO shows a substantial drop, reaching only 108 mAh
g�1 at 10 C, while OV-LTO maintains a much higher capacity of 151 mAh
g�1. Moreover, after 30 cycles under different C-rates, the discharge ca-
pacity returns to the capacity of the initial cycle when the rate returns to
0.1 C. Compared with other reports on LTO materials, the OV-LTO in our
work not only exhibits ultra-high capacity but also demonstrates excellent
rate performance, as shown in Fig. 3(b) [17,40–45]. Fig. 3(c and d) dis-
plays the voltage-capacity curves at various rates from 0.1 to 10 C for
P-LTO and OV-LTO. OV-LTO exhibits higher reversible specific capacity
and capacity retention (compared to the capacity at 0.1 C) at every current
density than P-LTO, indicating its outstanding rate performance. Addi-
tionally, OV-LTO shows much smaller polarization at high C-rates
compared to P-LTO. The excellent rate performance of OV-LTO can be
attributed to the improved conductivity and reduced charge transfer
resistance, as shown in the EIS spectra (Fig. S8). The presence of oxygen
vacancies in OV-LTO enhances electron conductivity, which stems from
the narrowed bandgap, consequently resulting in lower polarization and
excellent capacity at high C-rates. Moreover, the introduced oxygen va-
cancies also increase the migration ability of lithium ions. The improve-
ment of the electronic conductivity of materials due to oxygen vacancies
has been demonstrated in many reports from both theoretical and
experimental perspectives [46–48]. For example, Mai et al. demonstrated
that introducing oxygen vacancies would enhance the electrical conduc-
tivity as well as facilitate the ion diffusion of anatase TiO2 [49].

The Liþ-ion diffusion coefficients of P-LTO and OV-LTO were deter-
mined using the CV technique [41]. The P-LTO/Li and OV-LTO/Li cells
were tested at a scan rate of 0.1 mV s�1 for the first cycle, and then
successively at 0.2, 0.4, 1.0, 2.0 and 4.0 mV s�1 for one cycle each
Fig. 3. (a) Cycle performance of P-LTO and OV-LTO. (b) Comparison of cap
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(Fig. 4(a and d)). The relationship between the oxidation peak currents
(Ip) and the square root of scan rate (ν0.5) was numerically linear, as
shown in Fig. 4(b and e). Consequently, the Liþ-ion diffusion coefficient
(DLi) can be confirmed using the Randles-Sevcik equation as follows:

Ip ¼ 0.4463n1.5F1.5CLiSR
�0.5T�0.5DLi

0.5ν0.5 (2)

where n refers to the number of electrons transferred during the elec-
trochemical reaction, and F, CLi, S, R and T represent the Faraday's
constant, Liþ concentration, contact area between the active material and
electrolyte, molar gas constant, and absolute temperature, respectively
[50]. The Liþ diffusion coefficients of P-LTO and OV-LTO are
5.48� 10�8 and 1.24� 10�7 cm2 s�1, indicating that introducing oxygen
vacancies facilitates faster lithium ion transport in LTO.

The relationship between peak current (i) and scan rate (v) could be
calculated using the equation i ¼ avb [51,52], which can be transformed
as follows:

log(i) ¼ blog(v) þ log(a) (3)

where the value of b is always between 0.5 and 1, associated with the
electron storage characteristics of the electrochemical reaction.
Specifically, a smaller b indicates that the ionic diffusion controls the
electrochemical reaction, whereas a larger b suggests the faradaic reac-
tion to be dominant [24]. The calculated b values for the oxidation and
reduction processes of P-LTO are 0.526 and 0.501 (Fig. 4(c)), respec-
tively, implying that ionic diffusion dominates the electrochemical pro-
cess of P-LTO. Inversely, the corresponding values of b for OV-LTO shown
in Fig. 4(f) are 0.588 and 0.527, respectively, revealing the additional
faradaic reactions in OV-LTO, generated from the introduced oxygen
vacancies. This is consistent with the results shown in Fig. 2(d).

The cycle performance of P-LTO and OV-LTO at different C-rates is
shown in Fig. 5. The capacity of OV-LTO is significantly higher than that
of P-LTO at all three C-rates, which aligns with the cycle performance
data presented in Fig. 3(a). Specifically, the specific capacity of OV-LTO
is 193 mAh g�1 after 100 cycles at a discharge current density of 0.1 C,
with a capacity retention of 95%. In contrast, after the same number of
acity at various rates. Rate performances of P-LTO (c) and OV-LTO (d).



Fig. 4. CV curve under various scanning rates of (a) P-LTO and (d) OV-LTO. The linear relationship between the peak current (Ip) of the oxidation/reduction process
and the square root of scan rate (ν0.5) for (b) P-LTO and (e) OV-LTO. The linear relationship between the peak current (Ip) of oxidation/reduction process and scan rate
(ν) for (c) P-LTO and (f) OV-LTO.

Fig. 5. Cycling performance of P-LTO and OV-LTO at (a) 0.1 C, (b) 0.3 C and (c) 5 C.
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cycles the capacity and retention rate of P-LTO are only 154 mAh g�1 and
89%, respectively (Fig. 5(a)). OV-LTO also exhibits high capacity reten-
tion of 95% at 0.3 C (Fig. 5(b)). Fig. 5(c) demonstrates even at a discharge
rate of 5 C, OV-LTO maintains a discharge capacity of 163 mAh g�1 and
retains 98% of its initial discharge capacity over 2000 cycles, signifi-
cantly higher than that of P-LTO (121 mAh g�1, 89%). Besides, under
high mass loading conditions (9.4 mg cm�2), although the capacity of
OV-LTO showed a slight decrease, the overall performance remained
consistent with the results obtained at lower loadings (2 mg cm�2)
(Fig. S10). To further verify the practical application potential of OV-
LTO, we compared the cycling performance of Lithium cobalt oxide
(LCO)||P-LTO and LCO||OV-LTO full batteries in the voltage range of
1.5–3.1 V. As shown in Fig. S11, the full battery using OV-LTO
5

demonstrates higher cycling stability than that using P-LTO, indicating
that OV-LTO is well-suited for common cathode materials such as LCO.
Overall, the introduction of oxygen vacancies has greatly enhanced the
capacity density, rate performance, and long-cycle stability of OV-LTO by
improving the transport capabilities of electrons and lithium ions within
LTO.

3. Conclusion

In summary, a lithium titanate anode material with a high concen-
tration of oxygen vacancies was prepared by sintering in an Ar/H2 at-
mosphere. The introduction of oxygen vacancies significantly enhances
the electrochemical performance of OV-LTO, including its Liþ ion
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diffusion coefficient and electron transfer ability. As a result, OV-LTO
exhibits excellent cycling and rate performance. Moreover, charge
transfer efficiency is promoted, which reduces the polarization and al-
lows for the full release of the theoretical capacity of LTO bulk phase.
Moreover, oxygen vacancies can provide additional capacity by creating
additional accommodation sites for lithium ions, leading to an ultra-high
capacity of ~200 mAh g�1. The proposed structural reconstruction
strategy shows great potential for manipulating lithium-ion diffusion and
developing high-power density anode materials in lithium-ion batteries.

4. Experimental

4.1. Preparation of Li4Ti5O12 and Li4Ti5O12–x

Both P-LTO and OV-LTO were prepared using the solid-phase
method. Firstly, titanium dioxide and lithium carbonate were weighed
according to the stoichiometric ratio of LTO, and then mixed homoge-
neously by ball milling to obtain the precursor. The precursor was then
placed in a porcelain boat and heated to 800 �C in a tube furnace for 6 h,
after which it was naturally cooled to room temperature to obtain the
target substances. The heating rate is 10 �C per minute. The calcination
atmosphere is argon for P-LTO and argon/hydrogen mixture (95:5 vol%)
for OV-LTO. The final products were stored in an argon-filled glove box
for storage to prevent natural oxidation in the air.

4.2. Materials characterization

XRD (Bruker D8 Advance diffractometer) was used to characterize the
phase and structural information of the as-prepared powders.
Morphologies were verified by SEM (ZEISS Supra 55). XPS (ESCALAB
250Xi spectrometer) with Al Kα radiation was used to characterize the
valent state of Ti and the potential existence of oxygen vacancies. All XPS
spectra were calibrated based on the C 1s photoelectron peak at 284.8 eV
as the reference. The wavelength of the argon laser in the Raman spec-
trometer (Renishaw InVia) experiment was 532 nm. HRTEM images were
collected using JEOL3200FS field-emission transmission electron mi-
croscopy (FETEM). The focused ion beam (FIB, FEI, Scios) was used to
obtain cross-section samples. EPR (Bruker A300-10/12) was conducted
to measure oxygen vacancies in LTO.

4.3. Electrochemical measurements

The CR2032 coin-type half cells were assembled to characterize the
electrochemical performance of the materials with Li foil as the refer-
ence electrode. The electrolyte consisted of 1.2 M LiPF6 in
ethylene carbonate (EC) and diethylene carbonate (DEC) (1:1 vol%)
with 10 vol% fluoroethylene carbonate (FEC). The cathode slurry
contained 80 wt% cathode materials, 10 wt% super P carbon black and
10 wt% polyvinylidene fluoride (PVDF) binder. Cathode electrodes
were prepared by coating the slurry onto Cu foil and then drying it
overnight at 80 �C in a vacuum oven to prevent oxidation, with an
average sample mass loading of about 2 mg cm�2. The cycling tests
were carried out using a Neware battery test system with a voltage
range of 1–3 V (vs. Li/Liþ) for anodes. Cyclic voltammetry (CV) curves
were collected on a CHI 660E electrochemical workstation with a scan
rate ranging from 0.1 to 4 mV s�1 between 1 and 3 V. The resistivity of
electrodes was calculated from data collected by the CHI 660E elec-
trochemical workstation in the frequency range from 1 MHz to 1 Hz
with 5 mV amplitude at room temperature.

4.4. Theoretical calculation

All spin-polarized density functional calculations were performed
with the projector-augmented wave (PAW) method and Perdew-Burke-
6

Ernzerhof (PBE) exchange correlation potential by Vienna ab initio
simulation package (VASP). The plane-wave energy cutoff was set as
520 eV and the criterion for electronic energy convergence and forces in
geometry optimization was set to 10–5 eV and 0.02 eV/Å, respectively.
Gamma-centered Monkhorst-Pack k-point grid sampling was used for the
Brillouin zone with density of at least 1000/(the number of atoms per
cell) in all geometry optimization and self-consistent calculations. To
account for the strong correlation of transition-metal d-electrons,
PBE þ U method was used in the calculations to correctly characterize
the localization properties, with the Hubbard U parameters for Ti set as
4.2 eV. DFT-D3 semi-empirical van der Waals correction was applied to
deal with the dispersion force during geometry optimization.

The oxygen vacancy formation energies were calculated using the
following formula:

Evac ¼ EðvacancyÞ � EðperfectÞ þ 1=2EðO2Þ
E(O2) is the total energy of oxygen molecule, and E(vacancy) and

E(perfect) are the total energies of structures with and without oxygen
vacancy, respectively. An energy correction of �1.36 eV for the O2
molecule was used in calculations to correct for the self-interaction errors
within GGA functional.

The voltage plateaus were calculated using the following formula:

U ¼ �EðperfectÞ � nEðLiÞ � EðvacancyÞ
n

E(Li) is the total energy of Li atom in Li metal, and E(vacancy) and
E(perfect) are the total energies of structures with and without lithium
vacancy, respectively.
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