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Enhanced specific energy in fast-charging
lithium-ion batteries negative electrodes via
Ti-O covalency-mediated low potential

JunHuang 1,Qirui Yang1, AnyiHu1, ZhuLiao1, Zhengxi Zhang 1,QinfengZheng1,
Zhouhong Ren1, Shun Zheng1, Yixiao Zhang1 , Xiaolong Yang 2 ,
Zhenming Xu 3, Le Zhang4, Daming Zhu5, Wen Wen5, Xi Liu 1, Akihiro Orita6,
Nagahiro Saito7, Liguang Wang 8, Yongyao Xia 3,9, Liwei Chen 1,10,
Jun Lu 8 & Li Yang 1

Developing lithium-ion batteries with high specific energy and fast-charging
capability requires overcoming the potential-capacity trade-off in negative
electrodes. Conventional fast-charging materials (e.g., Li4Ti5O12, TiNb2O7)
operate at high potentials (>1.5 V vs. Li+/Li) to circumvent lithium plating, yet
this compromises specific energy. A viable strategy for enhancing the specific
energy is to reduce the potential while avoiding the lithium plating risk;
however, the underlying mechanisms remain unclear. Here we demonstrate
that enhancing Titanium-Oxygen covalency through pseudo-Jahn-Teller Effect
distortion in Ruddlesden-Popper perovskites enables low-potential operation.
The Li2La2Ti3O10 negative electrode exhibits a working potential of 0.5 V vs.
Li+/Li with initial 139.3mAh g−1 at 5 A g−1 and 72.9% capacity retention after
5000 cycles. Full cells with LiNi0.8Co0.1Mn0.1O2 positive electrodes deliver
3.45 V average discharge voltage-50% higher than conventional Li4Ti5O12 | |
LiNi0.8Co0.1Mn0.1O2 systems-achieving 100mAhg−1 at 4 A g−1. Mechanistic
analysis reveals low Li⁺ migration barriers and stable Ruddlesden-Popper
perovskite frameworks enable rapid ion transport.

The rapid advancement of lithium-ion battery applications has
increased demand for power density, and specific energy, all influ-
enced by negative electrode materials’ performance1–4. Currently,
graphite remains the most widely used negative electrode offering a
high specific capacity (~375mAhg−1), excellent reversibility, and low
cost5,6. However, its use poses a riskdue to lithiumdendrites formation
during fast-charging at low temperatures, raised from sluggish

reaction kinetics and a low operating potential (~0.1 V vs. Li+/Li) near
the lithium plating potential, which heightens the risk of short
circuits7,8. In contrast, titanium-based intercalation materials, such as
Li4Ti5O12

9,10, provide apromising alternative, featuringminimal volume
changes, good reversibility, and cycle stability11. The Ti4+/Ti3+ redox
couple has a higher working potential (~1.55 V vs. Li+/Li), reducing
dendrite formation. However, this higher potential leads to a reduced
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output voltage in full cells (2.3 V) and a low specific capacity
(~175mAh g−1), thus decreasing specific energy12.

Wadsley–Roth phases such as TiNb2O7
13 and WxNbyOz

14 are being
explored as Li4Ti5O12 substitutes for their high potential (~1.65 V vs. Li+/
Li) and specific capacity (>200mAhg−1), supported by favorable Li+

migration pathways. Research focuses on enhancing electronic/ionic
conductivity, diffusion pathways, and kinetics through (1) crystal
engineering (e.g., doping15, defect/vacancy creation16, and composite
coating17) and (2) morphological design with nanoscale18 and hier-
archical structures19. These improvements enable the fast-charging
negative electrode materials, and commercialization is underway,
exemplified by Toshiba’s next-generation super charge ion battery
(SCiB), which utilizes niobium titanium oxide, due in spring 2025.
Nonetheless, the specific energy remains below those of graphite-
LiFePO4 systems.

To further enhance specific energy, two primary strategies can be
employed: increasing the specific capacity and lowering the negative
electrode potential. Increasing specific capacity is constrained by the
availability of lithium-ion storage sites and the efficiency of electron
transfer during redox reactions. Future research should aim at devel-
oping materials capable of multi-electron transfers or incorporating
reversible multi-redox centers to improve charge transfer efficiency.
Lowering the negative electrode’s potential is also essential to balance
the lithium plating risk and higher voltages in full cell system (Fig. 1a).
For example, if the lithium insertion potential of TiNb2O7 is ~ 0.5 V,
Toshiba’s next-generation SCiB could achieve an average voltage of
about 3.3 V, 43.5% higher than the 2.3 V of existing systems. This
increase could yield a specific energy, comparable to graphite-LiFePO4

battery systems, while significantly improving energy density. An ideal
approach would integrate both strategies, achieving a high specific
capacity (>200mAhg−1) whilemaintaining a lowoperating potential to
mitigate the lithiumplating risk without sacrificing full battery voltage.

With low potential (<1 V) and high specific capacities
(>200mAh g−1), new negative electrode materials12,20–30 have gained
significant attention. These titanium-based negative electrodes24–31

demonstrate fast-charging capabilities and maintaining satisfactory
specific energy. While Li2TiSiO5

24,25 and Na2TiSiO5
26,27 show high initial

capacities, their reliance on conversion reactions, limits stability and
rate performance. Li0.5La0.5TiO3

28 has a sloping potential curve with a
crossover point near 1 V, but its capacity above this potential restricts
specific energy improvements. LiYTiO4

29 demonstrates good electro-
chemical performance in bulkwithmultiplepotential platforms (~0.3 V
vs. Li+/Li), but risks lithium plating due to significant capacity at ~0.1 V.
Similarly, KxNayH(2-x-y)Ti2O5

30 shows a sloping potential curve (~0.8 V
vs. Li+/Li), though further rate performance improvements are needed
despite its complex nanowire morphology. Despite progress, the low-
potential characteristics of Ti4+/Ti3+ redox-based materials remain
underexplored, leaving a theoretical gap in developing high-energy-
density, fast-charging negative electrodes. Understanding the rela-
tionship between the structure and lithium intercalation potential is
critical for the rational design of advanced negative electrodes.

This study suggests that lowering the potential or enhancing the
Ti4+/Ti3+ redox energy in titanium-based oxide negative electrodes can
be achieved by increasing Ti-O bond covalency. Key strategies include
pseudo-Jahn–Teller effect (PJTE) distortions in TiO6 octahedra, redu-
cing thtanium’s coordination number, or introducing low-
electronegativity counter-cations to induce electron-donating
effects. Lithium lathanum titanate (Li2La2Ti3O10) is examined as a
model negative electrodematerial, demonstrating how distorted TiO6

structures enhance Ti-O covalency via PJTE to lower the lithium
intercalation potential. Without additional nanostucture design, bulk
Li2La2Ti3O10 delivers a low operating potential (~0.5 V vs. Li+/Li) with
fast-charging performance, balancing fast-charging and specific
energy. First-principles DFT, in situ XRD, and XAS analyses clarify its
electrochemical behavior. While Li2La2Ti3O10 offers interesting

electrochemical properties, Li2La2Ti3O10’s inherent limitations, such as
not high initial coulombic efficiency (ICE), low specific capacity, low
electronic conductivity and high manufacturing cost, show the sig-
nificant gap between its current state and practical lithium-ion battery
applications. But it offers valuable insights for designing next-
generation high-specific-energy and fat-charging negative electrodes.

Results
Analysis of methods for lowering potential
The electrode potential (V) vs. Li+/Li for a transition metal M, as pio-
neered by Goodenough et al., is determined by the position of the
Mn+1/Mn+ redox couple relative to the lithium Fermi energy32. Closer
proximity of this redox energy to the lithium Fermi energy results in a
lower lithium intercalation potential. Several factors influence this
redox energy, including the coordination environment of the metal
ion, the covalency of metal-anion bonds, the Madelung electric field,
and the properties of counter cations33. In polyanionic positive elec-
trode materials, increasing the coordination number of ion M, raising
the electronegativity of counter-cation X, and reducing the Madelung
electric field decrease the covalency of the M-O bond. This weaker
covalency diminishes quantum mechanical repulsion between bond-
ing and anti-bonding orbitals, shifting the anti-bonding orbitals away
from the lithium Fermi level and increasing the potential.

Given the factors influencing positive electrode potential,
increased M-O bond covalency broadens the energy gap between
bonding and anti-bonding orbitals, lowering the potential vs. Li+/Li by
bringing the anti-bonding orbitals closer to the lithium Fermi level
(Fig. 1b)34. Adjusting M-O covalency through reducing M-O coordina-
tion numbers or introducing lower-electronegativity counter-cations
with electron-donating effects can raise the Mn+1/Mn+ redox energy,
lowering negative electrodematerial potential (Fig. 1c)35. With reduced
Ti coordination in TiO polyhedra, Ti-based oxide negative electrodes,
such as Li2TiSiO5

24,25, Na2TiSiO5
26,27, and KxNayH(2-x-y)Ti2O5

30, display
low intercalation potential, with Ti in distinct TiO5 square pyramids or
TiO4 tetrahedral structures (Fig. 1e).

As an early transitionmetal with low electronegativity, Ti presents
challenges in enhancing Ti-O bond covalency using inductive effects.
In most Ti-based oxides, Ti4+ typically exists in six-coordinated TiO6

octahedra36. The Ti-O bond covalency is primarily determined by the
molecular orbitals' energy levels formed from the Ti4+ 3 d orbitals and
O2- 2porbitals. In the TiO6 octahedronmolecular orbitals (MO) (Fig. 1f),
the highest occupied molecular orbitals (HOMO) (t1u, t2u, t1g) derive
from the 2pπ orbitals of the six oxygen atoms, exhibiting threefold
degeneracy and odd parity. Conversely, the lowest unoccupied
molecular orbitals (LUMO) (t2g(3d): xy, xz, yz) predominantly consist of
the dπ orbitals of the central Ti ion, also demonstrating threefold
degeneracy but even parity37.

The PJTE, first introduced in 196638, was used to explain the origin
of ferroelectricity in the perovskite-type crystal BaTiO3. The PJTE
represents a fundamental mechanism in condensed matter systems,
characterized by structural deformations arising from vibronic cou-
pling—the interplay between electronic states and vibrational degrees
of freedom. Distinct from the classical Jahn–Teller effect that operates
in degenerate electronic configurations, the PJTE manifests in systems
with non-degenerate ground states through dynamic interactions with
low-energy excited states. This phenomenon is governed by electron-
phonon coupling, where symmetry-breaking distortions (e.g., bond
elongation/compression) are triggered tominimize the total energy of
the system. Specifically, the PJTE involves a second-order perturbation
mechanism that hybridizes the ground state with proximate excited
states via nuclear displacements, effectively stabilizing distorted geo-
metries even in the absence of intrinsic orbital degeneracy. By affect-
ing the electronic structure and inducing local covalent distortions,
the PJTE has significant implications in the design of advanced mate-
rials, particularly in the fields of energy storage39, catalysis40,
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magnetism41, and optoelectronics42. Taking the TiO6 octahedron as an
example, as shown in Fig. 2d, the adiabatic potential energy surface
(APES) of the TiO6 octahedron exhibits eight equivalent wells aligned
along the four C3 trigonal symmetry axes, corresponding to the off-
center displacements of the Ti atom, which generate localized dipole
moments43,44.

In the regular high-symmetry TiO6 octahedron, the HOMO-
LUMO orbitals' overlap integrals are zero due to their orthogonality,
meaning no contribution to Ti-O bonding, which is realized through
ionic interactions or inner σ orbitals45. The HOMO t1u(y), derived
from O 2py orbitals, and the LUMO formed by Ti 3d t2g(yz) orbitals

are orthogonal, resulting in zero overlap as their positive and nega-
tive contributions cancel each other46. In contrast, in TiO6 octahedra
with PJTE distortion, as illustrated in Fig. 1g, the Ti atom off-center
displacement lowers symmetry, lifting the orthogonality between
HOMO-LUMO orbitals and creating nonzero overlap, thereby
enhancing covalency in the Ti-O bond. Figure 1h shows that with Ti’s
off-center displacement in the z-direction, the overlap between
HOMO t1u(y) and LUMO t2g(yz) are nonzero resulting in an additional
Ti-O covalence bonding47. Thus, PJTE distortion in the TiO6 octahe-
dron enhances Ti-O bond covalency compared to the high-symmetry
structure44.
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Fig. 1 | The increased specific energy of the fast-charging negative electrode
material by adjusting thepotential. aAhelpful potential platform to balance fast-
charging and specific energy. b The effect of M-O covalent bond strength on
lithium insertion potential. The proposed method to enhance M-O covalence:
c inductive effect and d decreased the coordination number. eThe TiO6 octahedral
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(APES) induced by PJTE. f The molecular orbital energy level diagram for the TiO6

octahedron. Shown in red aremixed HOMO and LUMO. Illustrations to the overlap
of HOMO and LUMO orbitals in TiO6 octahedron: g TiO6 octahedron with PJTE
distortion of Ti off-center displacements. h Lifting the orthogonality between
HOMO-LUMO orbitals and creating nonzero overlap resulted in enhanced
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Article https://doi.org/10.1038/s41467-025-61461-2

Nature Communications |         (2025) 16:6243 3

www.nature.com/naturecommunications


Crystal structure and characterization
The preparation of Li2La2Ti3O10 begins with synthesizing the
Na2La2Ti3O10 precursor (Supplementary Fig. 1a) using the sol-gel
method, followed by ion exchange with lithium nitrate. Powder X-ray
diffraction (XRD) and Rietveld refinement (Fig. 2a) confirm its tetra-
gonal crystal structurewith a space group of I4/mmm (139) and refined
cell parameters of a = b = 3.8385(1) Å and c = 26.5079(8) Å (Supple-
mentary Table 1 and Supplementary Data 1)48,49. Energy-dispersive
spectroscopic (EDS) mapping confirmed even distribution of La, Ti,
and O. Atomic-resolution imaging via high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) shows the
alternating arrangement of La and Ti atoms within the perovskite-like
triple unit (Fig. 2b and image processing shown in Supplementary Fig.
1b–g)50. The synthesized particles exhibit a flake-likemorphology, with
lateral dimensions of 0.5–3μm and thicknesses ranging from 200 to

300nm (Fig. 2b). This distinctive microstructure corresponds to rela-
tively low specific surface area (9.561m2/g) and limited pore volume
(0.06693 cc/g), as determined by Brunauer–Emmett–Teller (BET) and
Barrett–Joyner–Halenda (BJH) analyses (Supplementary Fig. 2a and
Supplementary Table 2). The Raman spectra were analyzed to identify
the vibrational modes associated with its crystal structure (Supple-
mentary Fig. 2b). The Peaks at 861.1 cm−1 (symmetric Ti–O stretching)
and 560.7/514.4 cm−1 (asymmetric Ti–O stretching) confirm the dis-
torted TiO6 octahedra in the perovskite-like framework51–53. Addition-
ally, Ti K-edge XANES spectra of Li4Ti5O12 and Li2La2Ti3O10 showed a
shift of the absorption edge to higher energies (~4983 eV), indicating
the presence of Ti in the Ti4+ state (Fig. 2c).

Li2La2Ti3O10 exhibits a layered Ruddlesden-Popper structure,
comprising alternating alkali ion and perovskite-like layers along the
c-axis. In this arrangement, Li+ is tetrahedrally coordinated in the LiO
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spectra. g Calculated averaged integrated crystal orbital Hamiltonian population
(-ICOHP) for Ti-O bond for Li4Ti5O12 and Li2La2Ti3O10.
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layer, La3+ is centrally positioned in the perovskite-like slabs with 12-
fold coordination, and Ti4+ is octahedrally coordinated in the TiO
layer54,55. Two distinct TiO6 octahedra types are present: TiO6-1 with
PJTE distortion, found between LiO and LaO layers with asymmetric
electrostatic interactions leading to off-center displacement of Ti4+

toward the apical oxygen, and TiO6-2 with higher symmetry, situated
between two LaO layers (Fig. 2d)56

To investigate structural distortions and electronic configuration,
soft X-ray absorption spectroscopy (XAS) was conducted on the Ti L2,3
edge of Li4Ti5O12 and Li2La2Ti3O10, given its sensitivity to Ti coordi-
nation changes. As shown in Fig. 2e, the Ti L3 and L2 edges, arising from
spin–orbit coupling, correspond to electronic transitions from the Ti
2p3/2 and 2p1/2 to unoccupied Ti 3d states near the Fermi level. Crystal
field splitting further divides the L3 and L2 edges into two peaks,
representing the eg and t2g orbitals. The t2g orbitals with lower energy
point toward the basal faces (dxy,dxz,dyz) in the TiO6 octahedron,while
the eg orbitals at higher energy point toward the apical corners (dx²-y²,
dz²) containing O anions.

In Li2La2Ti3O10, the Ti L3 edge eg peak shifts to lower energy
compared to Li4Ti5O12, indicating reduced crystal field splitting, and
suggesting a longer average Ti-O bond length confirmed by R-space in
Ti K-edge EXAFS (extended X-ray absorption fine structure) (Fig. 2f).
The increased eg/t2g peak intensity ratio reflects lower TiO6 octahedra
symmetry in Li2La2Ti3O10. Although a larger bond length generally
implies less covalency, the PJTE distortion in Li2La2Ti3O10 increases
orbital overlap between Ti and O atoms, resulting in a more covalent
Ti-O bond, which means the lower lithium intercalation potential43,57.
Crystal Orbital Hamilton Population (COHP) (Supplementary Fig. 3)
calculations further confirmed enhanced covalency, with the inte-
grated COHP (-ICOHP) value for the Ti-O bond in Li2La2Ti3O10 sig-
nificantly higher than in Li4Ti5O12, indicating stronger covalent
bonding in Li2La2Ti3O10 (Fig. 2g)58.

Lithium-ion storage performance
Comparative analysis of galvanostatic discharge-charge profiles
reveals that Li2La2Ti3O10, operates at a lower working potential (~0.5 V
vs. Li+/Li), thanLi4Ti5O12 (~1.55 V), despite bothmaterials employing the
Ti4+/Ti3+ redox couple (Fig. 3a). This performance divergence origi-
nates from enhanced Ti-O bond covalency within the TiO6 octahedra
of the Ruddlesden-Popper structured Li2La2Ti3O10. When integrated
with a 4 V-class positive electrode, full cells incorporating Li2La2Ti3O10

exhibit a higher average output voltage and deliver greater specific
energy relative to Li4Ti5O12-based counterparts.

Li2La2Ti3O10 achieves an initial discharge capacity of 430mAhg−1

at 20mAg−1 (Supplementary Fig. 4a), but its initial reversible charging
capacity is only 260mAhg−1, leading to a low ICE of 61%. This low ICE is
mainly arises from two interrelated factors: (1) the solid-electrolyte
interphase (SEI) formation via electrolyte decomposition below 0.5 V
(Supplementary Fig. 5a, b), (2) synthesis-induced Li+ loss from incom-
plete ion exchange with Na+ (inductively coupled plasma, ICP result in
Supplementary Table 3) and H+ incorporation during washing. This
inefficiency results in irreversible consumption of Li⁺, thereby
increasing the manufacturing cost of LIBs. Strategies such as further
optimization of synthesis protocols, electrolyte additives, and pre-
lithiation strategies are required to bridge the gap toward industrial
feasibility. Through rigorous optimization of the synthesis protocol, a
direct sol-gel method that bypasses ion exchange and aqueous wash-
ing steps is successfully developed, significantlymitigating Li+ loss and
achieving an ICE of 80.77% (Supplementary Fig. 6 and Supplementary
Note 1). Notably, the coulombic efficiency rapidly improves and sta-
bilizes near 100% in subsequent cycles (Fig. 3d, c). The half cell was
cycled 1000 times at various specific currents to evaluate cycling sta-
bility and rate performance. The charging specific capacity of
Li2La2Ti3O10 at 2, 5, 10, and 20A g−1 are 87% (195mAhg−1), 73%
(164mAhg−1), 62% (139mAhg−1), and 43% (96mAhg−1) of that at 1 A g−1

(223mAhg−1) after activation at 100mAg−1 for two cycles (Fig. 3b).
Higher specific current increase polarization potential. Capacity
retention over 1000 cycles at all rates exceeds 80% (Fig. 3d). Stable
discharge-charge profiles (Supplementary Fig. 4b–f) confirm the
reversibility and rate performance. Long-term stability is further con-
firmedby5000cycles at 5 A g−1 (Fig. 3e),with discharge-charge profiles
maintaining consistency and a charging capacity retention of 77%, with
nearly 100% coulombic efficiency.

To evaluate its potential for full cell applications, Li2La2Ti3O10

precycled (Supplementary Fig. 7a) was combined with
LiNi0.8Co0.1Mn0.1O2 (NCM811), a high-energy-density positive elec-
trodematerial (Supplementary Fig. 7c–e). The full cell, with a negative-
to-positive electrode capacity ratio of ~1.1, exhibited a discharge
capacity of 185mAh g−1 at 0.1 A g−1 and 148mAh g−1 at 1 A g−1 based on
the mass of positive electrode active materials, with an average dis-
charge voltage of 3.45 V (Fig. 3f), 50% higher than that of Li4Ti5O12||
NCM811 full cells. To assess fast-charging capabilities and cycle stabi-
lity, the full cell was tested at rates from0.2 A g−1 to 4 A g−1, followed by
1000 cycles at 1 A g−1 after activation at 0.1 A g−1 for the first two cycles.
Discharge-charge profiles maintained similar shapes with minor
polarization increases at higher rates (Fig. 3g, h). Capacity retention
was 97% at 0.2 A g−1, 87% at 0.4A g−1, 78% at 1 A g−1, 69% at 2 A g−1, and
55% at 4 A g−1. After 280 cycles at 2 A g−1, capacity retention exceeded
80% (Fig. 3i), and the full cell retained 74% of its initial capacity after
1000 cycles at 1 A g−1 (Fig. 3j). Electrochemical cycling induces the
formation of robust solid-electrolyte interphase (SEI) and cathode-
electrolyte interphase (CEI) layers on the Li2La2Ti3O10 and NCM811
surfaces, respectively (Supplementary Figs. 8, 9), which is crucial for
enhancing the electrochemical performance and cycle stability.

High-potential fast-charging negative electrode materials such as
Li4Ti5O12 and TiNb2O7 face significant challenges due to unstable SEI
formation and substantial gas evolution, compromising practical via-
bility and safety. To investigate SEI stability on Li2La2Ti3O10 during
lithiation, TEM (Supplementary Fig. 10 and SupplementaryNote 2) and
XPS (Supplementary Fig. 11 and Supplementary Note 3) analyses were
conducted on electrodes at various state-of-charge (SOC) points dur-
ing the first cycle and after 200 cycles under 100mAg−1. Results reveal
a dynamic SEI evolution process on Li2La2Ti3O10 involving formation,
partial decomposition, and eventual stabilization. Crucially, the SEI
composition after the initial cycle remained largely consistent with
that observed after 200 cycles, which significantly reduces interfacial
impedance as evidenced by a decrease in charge-transfer resistance
(Rct) (Supplementary Fig. 12 and Supplementary Table 4), indicating
exceptional interfacial stability. This contrasts sharply with Li4Ti5O12

and TiNb2O7, where complete SEI decomposition occurs after the first
charge. Differential electrochemical mass spectrometry (DEMS) (Sup-
plementary Fig. 13) further confirmed these findings: under identical
loading conditions, Li4Ti5O12 exhibitedmuchhigher gas evolution than
Li2La2Ti3O10 during cycling. These collective results demonstrate that
the low-potential Li2La2Ti3O10 surface facilitates rapid formation of a
stable SEI layer that effectively suppresses gas generation.

The electrochemical performance presented in Fig. 3 was char-
acterized under idealized conditions featuring low active material
loading (2–3mg/cm2) and elevated conductive carbon content (30wt
%). While this configuration isolates intrinsic material properties for
fundamental evaluation, it diverges from practical battery operational
requirements. To assess the practical viability of Li2La2Ti3O10, we fab-
ricated electrodes with industrially relevant parameters (high loading
>15mg/cm2; carbon: 5 wt%) and precycled (Supplementary Fig. 7b).
Then corresponding pouch cells were assembled (Supplementary Fig.
14a), which exhibited compromised specific capacity and rate cap-
ability (Supplementary Fig. 14b–e and Supplementary Note 4). This
performance deterioration is attributed to Li2La2Ti3O10’s inherently
low electronic conductivity and large particle size (1–4μm in length/
width, 0.3–0.4μm in thickness) (Supplementary Fig. 14f) resulting
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from solid-state synthesis, which collectively restricts lithium-ion dif-
fusion kinetics under practical electrode architectures.

To decouple kinetic limitations from intrinsic material properties,
we compared sol-gel synthesized Li2La2Ti3O10 (lateral dimensions:
0.3–2μm, thickness: 0.1–0.3μm) (Supplementary Fig. 14g) against
commercial Li4Ti5O12 (0.3–0.5μm) (Supplementary Fig. 14h) under
identical high-loading/low-carbon conditions. Crucially, while
Li2La2Ti3O10 delivered lower specific capacities than Li4Ti5O12 at low
specific current (0.02–0.5 A g−1), it demonstrated comparable capa-
cities at elevated rates (Supplementary Fig. 14i). This crossover phe-
nomenon corresponds to a higher capacity retention for Li2La2Ti3O10

versus Li4Ti5O12 at 1 A g−1, indicating high-rate performance despite
Li2La2Ti3O10’s larger primary particle size.

Kinetics analysis and simulation calculations for fast-charging
performance
First-principles calculations identified the Li+ storage sites in the lithi-
ated structure of Li2La2Ti3O10 (Supplementary Table 5 and

Supplementary Data 2, 7). Li+ are positioned at sites defined by four
basal oxygens (O4 horizontal window), one apical oxygen, and one
apical lanthanum, located above and below the LiO4 tetrahedral layers
along the c-axis (Fig. 4a).Due to electrostatic repulsion fromLa3+, Li+ sit
above the O4 window rather than in the plane, resulting in a four-fold
coordination resembling a distorted rectangular-near-planar site,
characterized by frustrated coordination. The destabilization of
coordination sites, relative to typical tetrahedral or octahedral Li-O
coordination, reduces the energy barrier for ion hopping, thus
enhancing ion mobility59–61.

Two distinct Li⁺ diffusion paths and their energy barriers were
analyzed using the climbing image nudged elastic band (CINEB) and
nudged elastic band (NEB) method (Supplementary Fig. 15 and Sup-
plementaryData 3–6). Thepreferredpath features Li⁺hopping fromone
O4 storage site through the O3 window to an adjacent equivalent site,
with a diffusion barrier of 0.68 eV (Fig. 4b–d and SupplementaryData 3).
In tetragonal Li2La2Ti3O10 (a= b≠ c), Li⁺ diffuses in a two-dimensional
plane along the a/b axes through equivalent insertion sites (Fig. 4c).

Fig. 3 | The electrochemical performance of Li2La2Ti3O10 at 25 °C. a The
potential-specific capacity profiles under 20mAg−1 with 0.8–2 V for Li4Ti5O12 and
0.01–3 V for Li2La2Ti3O10. b The potential-specific capacity profiles under different
specific current. cThepotential-specific capacity profiles during 5000cycles.dThe
cycle stability and rate performance. e The long-term stability under 5 A g−1. f The

voltage-specific capacity profiles of the full cell under 0.1 and 5 A g−-1 with 1.5-4.2 V.
g The voltage-specific capacity profiles of the full cell under various specific cur-
rent. h The voltage-specific capacity profiles during 1000 cycles of full cell. i The
rate performance and cycle stability of the full cell. j The long-term (1000 cycles)
stability under 1 A g−1 of the full cell.
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Projected density of states (PDOS) and band gap calculations for
pristine and lithiated Li2La2Ti3O10 were conducted to analyze electro-
nic conductivity using density functional theory (DFT) (Supplementary
Fig. 16). The calculated band gap for pristine Li2La2Ti3O10 is 1.93 eV,
significantly narrower than that of Li4Ti5O12 (3.8 eV)62, indicating a
greater likelihood of intrinsic charge carriers that facilitate faster
electron compensation during rapid lithium intercalation. Upon
lithiation, the PDOS reveals that the band gap vanishes, signifying a
transition from semiconductor to metallic behavior, which enhances
electron transfer. This transition aligns with n-type doping from
lithium insertion, similar to phenomena observed in materials like
TiNb2O7

63 and Mo1.5W1.5Nb14O44
64.

Cyclic voltammetry (CV) at various scan rates was used to analyze
the kinetics of Li⁺ storage. The calculated b-values for the anodic and
cathodic peak currents were 0.71, 0.69, 0.72, and 0.7, respectively (Fig.
4h), indicating a mixed mechanism involving both diffusion and
pseudo-capacitance (Supplementary Fig. 17), contributing to the high
rate performance. To quantitatively characterize the ionic con-
ductivity, the lithium-ion diffusion coefficient (DLi

+) was measured by

Galvanostatic Intermittent Titration Technique (GITT) (Fig. 4e, f),
showing values between 10−9 and 10−11cm2s−1. These fast Li⁺ migration
kinetics ensure rapid lithium transport in Li2La2Ti3O10, further sup-
porting its suitability for fast-charging applications.

Lithium-ion storage mechanism
To investigate the charge compensation mechanism, La L3-edge, Ti K-
edge, and O K-edge X-ray absorption spectroscopy (XAS) spectra were
measured at various discharge states (pristine, 0.6, 0.35, and 0.01 V)
and the charging state (3 V) (Fig. 5a–c) based on the initial discharge-
charge profile (Supplementary Fig. 18a). During discharge, the La L3-
edge white line peak intensity gradually decreases (Fig. 5a), while it
reappears upon charging to 3 V. This effect may result from lithium
insertion, leading to the displacement of La3+ in the LaO polyhedral (as
shown in Supplementary Fig. 19), causing electronic changes. Upon
lithiation, the Ti K-edge absorption shifts to lower energy, indicating Ti
reduction from +4 to +3 (Fig. 5b). Pre-edge peaks (~4970 eV), asso-
ciated with covalently mixed Ti 3 d and O 2p orbitals, weaken and
broaden, suggesting reduced Ti-O covalency. The oxidation states of
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La and Ti from XAS align with XPS results (Supplementary Fig. 18b, c
and Supplementary Note 5). In the O K-edge spectra (Fig. 5c), broad
peaks at 541 and 546 eV remain stable, while sharper peaks at 532 and
536 eV, linked tomixedO 2p–Ti 3 d/La 5 d, change: peak (1) disappears,
and peak (2) sharpens, indicating altered O electronic structure. This
concurrent electron transfer between O and transition metals, typical
in late transitionmetal oxides, shows that the strong Ti-O covalency in
Li2La2Ti3O10 facilitates O 2p electron contribution in lithiation.

To investigate structural evolution during Li⁺ insertion/extrac-
tion, in situ X-ray diffraction (XRD)was conducted over two discharge-
charge cycles, capturing the time-potential profile and XRD contour
map from 10–60 degrees 2θ (Fig. 5d). At open-circuit potential, the
diffraction peaks correspond to tetragonal-phase Li2La2Ti3O10, along
with copper and beryllium peaks from the current collector and test
mold.Duringdischarge from3 to0.92 V, nonotablediffractionpeakor
cell parameter changes were observed, likely due to Li+ insertion in
vacancies or pseudocapacitive storage (Fig. 5e, f). Between 0.92 and

0.37 V, diffraction peaks shift, with gradual increases in the a-axis and
volume V, and a decrease in the c-axis. At 0.01 V, minimal diffraction
and parameter changes indicate structural stability (Supplementary
Note 6). Recharging from 0.01 V to 3 V reverses these shifts, mirroring
the discharge behavior. As magnified in Supplementary Fig. 18d, e,
characteristic diffraction peaks corresponding to specific crystal-
lographic planes exhibit bidirectional shifts toward higher angles and
lower angles during lithiation. This continuous peak displacement
demonstrates reversible unit cell contraction/expansion during
lithium-ion storage. Remarkably, the in situ XRD evolution patterns
during the second discharge-charge cycle precisely replicate those
observed in the initial cycle (Supplementary Fig. 20). This congruent
structural response across consecutive cycles (Supplementary Fig. 21)
confirms highly reversible lithium (de)intercalation mechanisms with
minimal hysteresis.

To verify the reversibility of PJTE distortions in Ruddlesden-
Popper structured TiO6 octahedra, we conducted ex situ Ti L2,3-edge
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XAS on electrodes at states of charge (SOC): Pristine, Discharged to
0.5 V, Discharged to 0.01 V, and Charged to 3.0V vs. Li⁺/Li. Progressive
lithium insertion to 0.01 V reduced the eg/t2g intensity ratio at the L3-
edge (Supplementary Fig. 22 and Supplementary Note 7), indicating
enhanced octahedral symmetry as Ti ions migrated toward cen-
trosymmetric positions. This aligns with DFT predictions showing
decreased off-center displacement during lithiation. Subsequent
charging to 3.0 V restored the eg/t2g ratio to near-pristine, confirming
reversible Ti off-centering upon delithiation. Electronic localization
function (ELF) (Supplementary Fig. 23) analysis reveals the distortion
mechanism: In pristine Li2La2Ti3O10, asymmetric electron delocaliza-
tion between Ti and apical oxygen creates stronger covalent interac-
tions in distorted octahedra (Fig. 5b). Lithiation redistributes electron
density, reducing orbital overlap and restoring symmetry. This rever-
sible electron redistribution corroborates XAS observations, demon-
strating exceptional PJTE reversibility during (de)lithiation.

Based on the above, it is evident that lithium-ion storage in
Li2La2Ti3O10 follows a reversible solid-solution reaction. The corre-
sponding chemical reaction can be expressed as: xLi+ +
Li2La2Ti3O10 = Li2+xLa2Ti3O10 (2 <x < 3). This indicates that during the
charge anddischarge processes, lithium ions reversibly intercalate and
de-intercalate within the Li2La2Ti3O10 structure, reflecting changes in
the material’s composition and electronic state.

The lattice parameter changes in Li2La2Ti3O10 during lithiation are
directly influenced by polyhedron size variations, reflected by bond
lengths. Structural optimization calculations reveal that, upon lithia-
tion, all polyhedrons (LiO4, TiO6-1, TiO6-2, LaO12) elongate along the a-
axis, expanding it, while LiO4 and TiO6-1 shortenmore along the c-axis
than TiO6-2 and LaO12, compressing the c-axis (Fig. 5g and Supple-
mentary Table 6). This aligns with in situ XRD findings, indicating a
solid-solution mechanism with reversible structural changes. The
maximum expansions are ~3% along the a-axis, ~2.5% shrinkage along
the c-axis, and ~3.5% inunit cell volume, supporting Li2La2Ti3O10’s cycle
stability and reversibility.

In summary, submicron-sized Li2La2Ti3O10 was synthesized using
a sol-gel and ion-exchange method, leveraging pseudo-Jahn–Teller
distortions in TiO6 octahedra to enhance Ti–O covalency and lower
lithium insertion potential. Without nanostructuring or crystal-
lographic adjustments, bulk Li2La2Ti3O10 demonstrated low operating
potential (~0.5 V vs. Li+/Li), fast-charging (96mAhg−1 at 20A g−1), and
good cycle stability (72% retention after 6000 cycles at 5 A g−1). When
paired with NCM811, it reached a 3.45 V output, 50% higher than tra-
ditional cells, with high rate performance and stability (over 80%
retention after 300 cycles at 10C). Its fast-charging is attributed to low
energy barriers, two-dimensional Li⁺ diffusion channels, and minimal
volume change (~3.5%), all supporting its cycle stability. These findings
underscore PJTE-induced covalency as a promising strategy for
developing advanced, high-performance battery electrodes.

Methods
Synthesis of Li2La2Ti3O10

First, Na2La2Ti3O10 was synthesized by the sol-gel method, and then
ion-exchanged with molten LiNO3 to obtain Li2La2Ti3O10. In a typical
process, at room temperature, 0.0045mol titaniummetal powder (Ti,
99.99%, Aladdin) and 5mL aqueous ammonia (NH3·H2O, 25.0–28.0%,
Sinopharm Chemical Reagent) were added successively to 15mL
hydrogen peroxide aqueous solution (H2O2, 30%, SinopharmChemical
Reagent), stirring continuously until a uniform and transparent yellow
solution A was formed. 0.027mol citric acid monohydrate
(C6H8O7·H2O, AR, SinopharmChemicalReagent)was added to solution
A and stirred to form titanium chelate citric acid. 0.003mol lanthanum
nitrate hexahydrate (La (NO3)3·6H2O, 99.99%, Aladdin), 0.006mol
sodium hydroxide (NaOH, AR, Sinopharm Chemical Reagent) and
0.006mol nitric acid (HNO3, 65–68%, Sinopharm Chemical Reagent)
were sequentially added to 15mL deionized water and stirred until all

dissolved to form a transparent solution B. Under stirring, solution B
was added dropwise to solution A to form a transparent red mixed
solution, which was further stirred for 30min. After dropping nitric
acid or aqueous ammonia to maintain the pH of the mixed solution at
5–6, continue to stir for 30min. Then, 0.027mol of ethylene glycol
(C2H6O2, AR, Sinopharm Chemical Reagent) was added to the mixed
solution. After being stirred for 30min, the mixed solution was placed
in a 60 °Coven for 1 h, and thenheated at 90 °C for 1 h, and thenheated
at 140 °C for 10 h to evaporate and dry. After that, a fluffy metal citric
acid complex solid was obtained, and then it was ground into powder
in a mortar and put into a corundum crucible. After heat treatment of
the metal citric acid complex powder (heating to 350 °C at a rate of
3–4 °C perminute in the heating furnace for 1 h, then heating to 900 °C
at a rate of 3–4 °C per minute for 2 h, and then cooling naturally to
room temperature), the Na2La2Ti3O13 white powder was obtained.

After mixing the Na2La2Ti3O13 white powder with 0.006mol
lithium nitrate (LiNO3, 99.9%, Aladdin), the mixed powder was ground
evenly. After the mixed powder was heated at 350 °C for 20 h, the
obtained product was collected and ground evenly. Then it was
washed three times with deionized water and ethanol, respectively,
and then dried in a 100 °C oven for 12 h to obtain Li2La2Ti3O13 white
powder.

Preparation of electrodes
The single-side coated Li2La2Ti3O13 electrodes for coin cell were pre-
pared by mixing 60wt% active material with 30wt% carbon black
(Super P Li, TIMCAL) and 10wt% carboxymethylcellulose sodium
(CMC-Na, Aladdin) to form a slurry with deionized water as solvent,
which was coated onto a copper foil (15-μm thick, MTI) and dried at
70 °C for 30min. Then the copper foil coated with dried slurry was cut
into electrodes with a diameter of 12mm by a manual slicing machine
(MSK-T10,MTI). The electrodesweredried under vacuumat 120 °C for
12 h. The loading of active materials for electrodes was >2mgcm−2.

The LiNi0.8Co0.1Mn0.1O2 (NCM811) electrodes were prepared with
80wt% active material, 10wt% carbon black (Super P Li, TIMCAL) and
10wt% poly (vinylidene difluoride) (PVDF, HSV 900, ARKEMA). The
slurry prepared by mixing LiNi0.8Co0.1Mn0.1O2 (MTI), carbon black and
poly (vinylidene difluoride) with 1-methyl-2-pyrrolidinone (C5H9NO,
anhydrous, 99.5%, Aladdin) in an argon-filled glovebox (H2O<0.1 ppm,
O2 <0.1 ppm,Mbraun) was coated onto an aluminum foil (20-μm thick,
MTI) and dried at 70 °C for 30min. Then the aluminum foil coatedwith
dried slurry was cut into electrodes with a diameter of 12mm by a
manual slicing machine. The electrodes were dried under vacuum at
120 °C for 12 h. The loading of active materials for electrodes was
>2mgcm−2. Prior to full cell assembly, the Li2La2Ti3O10 negative elec-
trodewas precycled in a Li-metal half cell for one cycle under 20mAg−1

and two cycles under 100mAg−1 with0.01–3 Vcutoff potentials at 25 °C
to form a stabilized SEI. This effectively compensated for the irrever-
sible Li+ loss, eliminating the need for excess positive electrode capa-
city. This extra pre-treatment step, while essential for optimizing the
material’s properties, could contribute to higher manufacturing costs.

The fabrication of pouch cells
The pouch cells were fabricated with technical support from the
National Engineering Research Center for Nanotechnology and
Application.

Positive electrode preparation. Commercial LiNi0.6Co0.2Mn0.2O2

(NCM622) positive electrodes (Shenzhen Kejing) were employed in
pouch cell fabrication. Electrodes featured 16-μm-aluminum foil cur-
rent collectors with two configurations: Single-sided coating: areal
loading = 11 ± 0.2mg/cm2 (activematerial). Double-sided coating: areal
loading = 22 ± 0.4mg/cm2. Coating dimensions measured 10 × 6 cm
with active material comprising 97.5wt% of the composite. The refer-
ence specific capacity was 170mAhg−1 at 0.1 C (3.0–4.3V vs. Li+/Li).
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Negative electrode preparation. Li2La2Ti3O10 negative electrodes
were formulated with 90wt% activematerial, 5wt% carbon black (Super
P Li, TIMCAL), and 5wt% poly(vinylidene difluoride) binder (PVDF, HSV
900, Arkema). Coatings (10.2 ×6.2 cm) achieved an areal loading of
20±0.4mg cm−2 per side on copper foil (15μm). All electrodes under-
went vacuum drying at 120 °C for 10h before argon-glovebox transfer.

Single-layer pouch cells containing one double-sided Li2La2Ti3O10

anode and two Li-metal foils (100-μm thickness, 10.5 × 6.5 cm) were
precycled under 20mAg−1 for two cycles at 25 °C. Pre-cycled negative
electrodes were extracted in an argon glovebox and reconstituted into
multilayer stacks comprising: 5 × double-sided LLTO anodes, 4 ×
double-sided NCM622 cathodes, 2 × single-sided NCM622 cathodes.
Separators (Celgard 2500) and electrolyte (1.0M LiPF6 in EC:
EMC:DMC 1:1:1) were used, and electrolyte filling: 1.5mL and 5mL
electrolyte volumes were used for single-layer and Ah-level pouches,
respectively. All cells underwent electrochemical testing under uni-
form external pressure (0.8MPa) applied via screw-clamped fixtures.

Electrochemical measurements
The lithiummetal||Li2La2Ti3O10 half cellswere assembledusingCR2016
coin cells in an argon-filled glovebox (H2O <0.1 ppm, O2 <0.1 ppm,
Mbraun) with the lithium-metal foil (1.2-mm thick, 14-mmdiameter) as
the counter electrode and the glassmicrofiber filters (GF/A,Whatman)
as the separator. Before assembling the half cell, the surface of the
lithium-metal foils was cleaned with a banister brush. The electrolyte
was 1.0M LiPF6 in 1:1 v/v ethylene carbonate (EC) and dimethyl car-
bonate (DMC), and the volume is 100μL.

The lithium metal | |LiNi0.8Co0.1Mn0.1O2 half cells and
Li2La2Ti3O10||LiNi0.8Co0.1Mn0.1O2 full cells were also assembled using
CR2016 coin cells in an argon-filled glovebox. A Celgard 2500 mem-
brane (the number: 1, thickness: 25-μm, lateral dimension: d = 19mm,
porosity: 55% and average pore size: 0.064μm) was employed as the
separator and the electrolyte was 1.0M LiPF6 dissolved in a solvent of
ethylene carbonate (EC)/ethyl methyl carbonate (EMC)/dimethyl car-
bonate (DMC) (1:1:1 v/v/v) and the volume is 100μL.

After the cells were assembled, the electrochemical measure-
ments were performed after standing for 8 h to ensure sufficient
infiltration between the electrolyte and the electrode. The galvano-
static charge/discharge measurements were carried on the LAND cell
test system (CT3002A and CT2001A, Wuhan SHENGLAN, China) in the
potential range of 0.01–3 V for the lithiummetal||Li2La2Ti3O10 half cells
and 3–4.3 V for the lithium metal||LiNi0.8Co0.1Mn0.1O2 half cells and
1.5–4.2 V for the Li2La2Ti3O10||LiNi0.8Co0.1Mn0.1O2 full cells at 25 ± 2 °C.

Cyclic voltammetry tests and electrochemical impedance spec-
troscopy (EIS) are performed on an electrochemical workstation
(CHI660E, CHENHUA), and the same half cell is tested at least three
times at a certain scan rate to ensure data reliability. Electrochemical
impedance spectroscopy (EIS) measurements were conducted in
potentiostatic mode using a sinusoidal alternating voltage perturba-
tion with an amplitude of 5mV RMS (0.005 V). The frequency range
spanned from 0.1Hz to 100 kHz (105Hz), with 12 logarithmically
spaced points per decade and 1 averaging cycle per frequency point.
Prior to each frequency sweep, the system was stabilized at the open-
circuit potential (OCP) for 2 s (quiet time). The data of galvanostatic
intermittent titration technique (GITT) measurements were collected
at a specific current of 20mAg−1 for 30min and a stand interval of 4 h.

Structural characterizations
The powder X-ray diffraction was conducted on a Bruker D8 Advance
diffractometer with Cu Kα radiation in the 2θ range of 5–80°. The
morphology and microstructure of samples were observed by a field
emission scanning electronmicroscope (NovaNanoSEM450, FEI). The
energy-dispersive X-ray spectroscopy (EDS) mapping and scanning
transmission electron microscopy (STEM) with the annular dark-field
(ADF) and the high-angle annular dark-field (HAADF) images were

performed using Hitachi HF5000 and FEI Themis Z spherical
aberration-corrected transmission electron microscopes (200KeV).

X-ray photoelectron spectroscopy (XPS) experiments were car-
ried out on a NEXSA (Thermo Fisher Scientific) spectrometer. For XPS
measurements, by disassembling the lithium metal||Li2La2Ti3O10 cells
in a glovebox, the electrode samples in different discharge-charge
states were obtained, and after being washed three times with DMC
and dried, the electrode samples were sent to anXPS spectrometer for
testing through the vacuum sample transfer, avoiding exposure to air.
All the XPS peaks were calibrated according to the C–C bond peak at
284.6 eV. (It is worth noting that due to the existence of SEI film on the
electrode surface, it is difficult to observe the valence state of elements
in different states of charge byXPS.However, herewe collect the signal
of the electrode near the current collector side, which is not affected
by SEI, and can be considered as the signal of the electrode bulk phase,
and the data is more reliable.)

The in situ XRD experiments were performed on a Bruker D8
Advance diffractometer with Cu Kα radiation (λ = 1.5406Å) in the
reflectionmode. The XRD spectrums were collected in the 2θ range of
10–60° every ten minutes. The in situ test battery was a customized
battery model with a Be window through which X-rays can be trans-
mitted. The customized battery model could consist of a 14mm dia-
meter electrode (35mm diameter current collector), 19mm diameter
separator and lithium-metal foil (0.6mm thick, 16mm diameter) to
form a half cell. The Li2La2Ti3O10 electrode for in situ XRD experiment
were prepared by mixing 60wt% active material with 30wt% carbon
black (Super P Li, TIMCAL) and 10wt% Carboxymethylcellulose
sodium (CMC-Na, Aladdin) to form a slurry with deionized water as
solvent, whichwas coated onto the center of a 35mmdiameter copper
mesh foil collector (9-μmthickwith 1.5mmpore size,MTI) anddried at
70 °C for 30min. The electrodes were dried under vacuum at 120 °C
for 12 h. The loading of active materials for electrodes was
5–6mgcm−2. The in situ half cell was assembled in an argon-filled
glovebox (H2O<0.1 ppm, O2 <0.1 ppm, MIKROUNA) with the glass
microfiber filters (GF/A, Whatman) as the separator. The electrolyte
was 1.0M LiPF6 in 1:1 v/v ethylene carbonate (EC) and dimethyl car-
bonate (DMC). During the in situ XRD experiments, the customized
in situ test battery was cycled for two cycles in the potential range of
0.01–3 V at a specific current of 20mAg−1. The change of lattice
parameters (including a-axis, c-axis and unit cell volume V) (Fig. 5e, f)
were obtained according to in situ XRD structure refinement software
from the Bruker company, which are also consistent with the results
obtained from Bragg’s law (Supplementary Figs. 11, 12).

The X-ray absorption fine structure (XAFS) of the Ti K-edges and
La L3-edges were collected in transmission mode using ion chamber
detectors with a Si(111) double-crystal monochromator (room tem-
perature) at beamline BL14W1 of the Shanghai Synchrotron Radiation
Facility (SSRF). The Soft X-ray absorption spectroscopy (sXAS) of theO
K-edges andTi L2,3-edgeswereobtained at thebeamlineBL02Bof SSRF
using bulk-sensitive total fluorescence yield (TFY) and surface-
sensitive total electron yield (TEY) modes. The incident photon
energy was calibrated before data collection in all measurements. The
XAFS data were performed using Athena software65.

All ex situ samples of batteries with various states of charge were
disassembled in an argon-filled glovebox. Following disassembly, the
electrodeswere immersed in anhydrousdimethyl carbonate (DMC) for
2 h to remove residual electrolytes, subsequently dried in the glove-
box, and finally encapsulated using either polyimide tape or an inert
transfer holder for further characterization.

Computational methods
All calculations were carried out in the framework of the density
functional theory (DFT) calculations, which were implemented in the
Vienna ab initio simulation package (VASP) software66, within the
Perdew–Burke–Ernzerh of generalized gradient approximation (GGA)
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for the exchange-correlation functional67. Core electrons and the
nuclei were treated by the projector augmentedwavemethod, and the
plane-wave energy cutoff was set to 550 eV. The lattice parameters and
internal atomic positions were fully relaxed until the total energy and
maximum ionic Hellmann-Feynman force were less than 10−10 eV and
10−4 eV/Å, respectively. The projected density of states (PDOS) of
pristine and lithiated Li2La2Ti3O10 were computed within a Monkhorst
−Pack grid of 24 × 24 × 3 k-points. To characterize the strength of the
Ti-O interaction, the Crystal Orbital Hamilton Population (COHP) were
computed by the Lobster program68, in which the negative and posi-
tive COHP values indicate bonding and anti-bonding, respectively, and
the electron localization function (ELF) visualized by the VESTA tool69.
The climbing image nudged elastic band (CINEB) and nudged elastic
band (NEB) method was utilized to calculate the minimum energy
paths (MEPs) of Li ionmigration. To verify the reliability of our results,
we alsoperformedCINEB andNEB calculations70. The threshold for the
total force acting on the CINEB and NEB images was set to 0.03 eV/Å,
and the energy convergence criterion of 10−5 eV was used.

Cyclic voltammetry (CV) with different scan rates and galvano-
static intermittent titration technique (GITT)
The first three CV curves of Li2La2Ti3O10 negative electrode in the
range of 3 to 0.01 V at a scan rate of 0.1mV s−1 (Supplementary Fig. 7a),
are well overlapped, indicating good lithium-ion storage reversibility,
except for the wide cathodic peak of the first cycle due to the forma-
tion of SEI film. Two couples of redox peaks at 0.43 V/0.37 V and
0.69 V/0.62 Vwith very lowpotential hysteresis (<0.1 V), correspond to
the redox couples of Ti4+/Ti3+, respectively.

The CV curves at different scan rates from 0.1 to 5mV s−1 are
shown in Fig. 4g.With the increase of scan rate, the cathodic reduction
peaks and anodic oxidation peaks becomewider due to the increase of
polarization. The relationship between the scan rate (v) and the
response current (i) under a certain potential (V) as follows:

iðV Þ =av
b ð1Þ

log iðV Þ =b log v+ loga ð2Þ

where the b value obtained by calculating the slope of the logi(V) - logv
plot depends on the mechanism of ion storage. Specifically, a b value of
0.5 means the complete diffusion control mechanism, while a b value of
1 means a capacitive contribution, including surface pseudocapacitive
effect from charge transfer with surface or subsurface atoms or a non-
Faraday contribution mechanism of the electric double-layer effect.

The capacitancecontribution canbequantitatively determinedby
dividing the response current (i) at a certain potential (V) into two
parts: capacitance (represented by k1(V)v) and diffusion control reac-
tion (marked as k2(V)v1/2), as shown below:

iðV Þ = k1ðV Þv+ k2ðV Þv
1=2 ð3Þ

iðV Þ=v
1=2 = k1ðV Þv

1=2 + k2 ð4Þ

where both k1(V) and k2(V) obtained by calculating from the i(V)/v1/2-v1/2

plot are constants for a certain potential (V). k1 is the slope, while k2 is
the y-axis intercept.

Based on Ficks second law, the lithium-ion diffusion coefficient
can be calculated by the following formula:

DLi+ =
4
πτ

mBVM

MBS

� �2 ΔES

ΔEt

� �2

:::::::::ðτ < < L2=DLi + Þ ð5Þ

Where τ is the pulse time of constant current, mB is the mass of the
active material, VM is the material molar volume, MB is the material
molar mass, S is the surface area of electrode, ΔEs is the difference
between the two equilibrium potentials, and ΔEt is the potential
change of the coin cell for a constant current for the time τ.

Data availability
All data that support the findings of this study are presented in the
manuscript and Supplementary Information. Source data are provided
with this paper.
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