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Crystallographic Engineering Enables Fast 
Low‑Temperature Ion Transport of TiNb2O7 
for Cold‑Region Lithium‑Ion Batteries
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HIGHLIGHTS

•	 Sb element is introduced into TiNb2O7 successfully.

•	 Such crystallographic engineering can narrow the bandgap and broaden the Li+ transport channel, making TNO-Sb/Nb electrode 
possess a better low-temperature performance.

•	 Such a synergy effect enables TNO-Sb/Nb with large reversible capacity, superior rate performance (140.4 mAh g−1 at 20 C), and a 
high durability of 500 cycles even at −30 °C, holding brand promises in practical applications.

ABSTRACT  TiNb2O7 represents an up-and-coming anode mate-
rial for fast-charging lithium-ion batteries, but its practicalities are 
severely impeded by slow transfer rates of ionic and electronic 
especially at the low-temperature conditions. Herein, we introduce 
crystallographic engineering to enhance structure stability and pro-
mote Li+ diffusion kinetics of TiNb2O7 (TNO). The density func-
tional theory computation reveals that Ti4+ is replaced by Sb5+ and 
Nb5+ in crystal lattices, which can reduce the Li+ diffusion impedi-
ment and improve electronic conductivity. Synchrotron radiation 
X-ray 3D nano-computed tomography and in situ X-ray diffraction 
measurement confirm the introduction of Sb/Nb alleviates volume 
expansion during lithiation and delithiation processes, contributing 
to enhancing structure stability. Extended X-ray absorption fine 
structure spectra results verify that crystallographic engineering 
also increases short Nb-O bond length in TNO-Sb/Nb. Accordingly, the TNO-Sb/Nb anode delivers an outstanding capacity retention rate 
of 89.8% at 10 C after 700 cycles and excellent rate performance (140.4 mAh g−1 at 20 C). Even at −30 °C, TNO-Sb/Nb anode delivers a 
capacity of 102.6 mAh g−1 with little capacity degeneration for 500 cycles. This work provides guidance for the design of fast-charging 
batteries at low-temperature condition.
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1  Introduction

Lithium-ion batteries (LIBs) are regarded as the most 
encouraging energy storage systems by virtue of exceptional 
cycle life and high energy density [1, 2]. Anode materials 
represent a critical challenge in advancing LIBs technology 
[3]. Graphite, as a result of its excellent specific capacity and 
low cost, has been extensively used as a commercial anode 
material in LIBs [4]. Nevertheless, graphite typically has a 
safety risk of dendrite formation, which is associated with 
low operating voltages [5, 6]. Especially in fast-charging and 
low-temperature operation, the danger increases significantly 
as result of high polarization, which leads to graphite anode 
insertion potentials below 0 V and causes it hard to charge 
batteries restricted by cutoff voltage [7–9]. Li4Ti5O12, as a 
promising anode material, exhibits larger working voltage 
(1.55 V), rapid Li+ transport kinetics, and good low-temper-
ature performance, contributing to cold-region performance 
and enhanced safety by the suppression of lithium dendrite 
formation and solid electrolyte interphase (SEI). However, 
the relatively poor theoretical capacity (175 mAh g−1) 
restricts its commercial applicability [10]. Thus, exploring 
anode materials with high safety, superior rate performance, 
excellent low-temperature performance, and a significantly 
high theoretical capacity for fast-charging LIBs is critical.

TiNb2O7 (TNO) is first put forward by Goodenough and 
has been deemed as a promising anode material due to its 
exceptional structural stability and restrictions on the forma-
tion of lithium dendrites [11–13]. Meanwhile, the theoreti-
cal specific capacity of TNO is 387.6 mAh g−1 due to the 
high valence states of Ti4+ and Nb5+, which can undergo 
five-electron transfer during the electrochemical reaction 
[13–15]. Though theoretical specific capacity of TNO 
is comparable to graphite, TNO exhibits unsatisfactory 
rate capability and cycling lifespan because of its intrin-
sic low ionic and electronic conductivities. Nanosized or 
nanoarchitectured design is an effective method to enhance 
electrochemical reactions by reducing ion diffusion lengths 
[16–19], whereas TNO possesses the lower compaction den-
sity and volume capacity on account of more lattice voids 
and porous morphology, coupled with the close working 
potential to the decomposition window of the electrolyte 
which aggravates the interfacial side reactions, posing signif-
icant challenges for practical adoption [20, 21]. Doping engi-
neering represents a straightforward approach to enhance 

ion and electron transport kinetics in TiNb2O7-based anodes 
[20, 22–26], exemplified by compounds such as 5Cu-TNO@
NC [27], Tb0.01-TNO [28], Ce0.01-TNO [15, 29], Zr0.05-TNO 
[30], and Fe5-TNO [17]. Nevertheless, there are relatively 
few studies on the effect of crystallographic engineering on 
low-temperature property of TNO, which is important for 
expanding its application potential in the fields of low-tem-
perature energy storage, solid electrolyte, or superconduct-
ing materials. Therefore, we employ Sb/Nb crystallographic 
engineering to boost the electronic/ionic conductivity of 
TNO and simultaneously investigate its effect on the low-
temperature performance of TNO. Several reasons highlight 
the choice of Sb and Nb. Above all, the raw material of the 
dopant Sb2O3 is a non-toxic and low-cost commercial mate-
rial. Secondly, the Sb element can not only reduce the band-
gap to increase electronic conductivity, but also participates 
in redox reaction of Sb5+/Sb3+ to realize double electron 
transfer per Sb, which contributes to the improvement in 
theoretical and practical capacity. In addition, there will be 
an increase in ionic conductivity, considering self-doping 
Nb5+ (0.64 Å) at Ti4+ (0.605 Å) sites is beneficial to expand 
the ion transport channel.

Herein, Sb/Nb crystallographic engineering is intro-
duced in the bulk of Wadsley-Roth phase TNO to effec-
tively enhance electronic conductivity and accelerate Li+ 
transport kinetics. In situ X-ray diffraction (XRD) and 
density functional theory (DFT) calculation reveals the 
structural changes and the kinetic laws of Li⁺ storage and 
transfer. Meanwhile, the effect of Sb/Nb crystallographic 
engineering on the low-temperature performance of TNO 
is investigated. The incorporation of Sb5+ enhances the 
valence bond strength and the increased Nb5+ broadens Li+ 
diffusion channels, which remarkably improve the structure 
stability, ion diffusion, and charge mobility. Benefitting 
from that, the capacity retention of the TNO-Sb/Nb elec-
trode is 89.8% after 700 cycles at 10 C and low-tempera-
ture ability (−30 °C) with almost no capacity decay after 
500 cycles at 1 C. Furthermore, the constructed TNO-Sb/
Nb||NCM pouch cell exhibits excellent rechargeable per-
formance (1.14 Ah at 17 C), confirming that this crystallo-
graphic design effectively broadens the application of TNO 
anode. This study provides a solution to the problem of 
poor low-temperature performance of TNO and offers new 
ideas for the development of next-generation fast-charging 
long-life LIBs.
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2 � Experiments and Method

2.1 � Synthesis of Anode Materials

The TiNb2O7 (TNO) and Ti0.97Sb0.015Nb2.015O7 (TNO-Sb/
Nb) materials are prepared by a simple solid-state reaction. 
Mix TiO2 (99.9%), Nb2O5 (99.9%), and Sb2O3 (99.99%) in 
a certain stoichiometric number, then calcine at 1100 °C for 
24 h, and then, obtain the TNO and TNO-Sb/Nb materials 
after cooling to room temperature.

2.2 � Materials Characterization

The X-ray diffraction (XRD) with Cu kα radiation is col-
lected in the Bruker D8 Advance diffractometer range from 
10° to 80°. The morphology and microstructure of TNO 
and TNO-Sb/Nb are visualized by scanning electron micro-
scope (SEM, HELIOS Nanolab 600i). High-resolution trans-
mission electron microscope (HRTEM) images and X-ray 
energy-dispersive spectrum (EDS) maps are examined by 
the transmission electron microscope (TEM, FEI Talos 
200S). X-ray photoelectron spectroscopy (XPS, Thermo 
Scientific K-Alpha) is mainly applied for quantitative anal-
ysis of elemental chemical states. The inductively coupled 
plasma (ICP) tests are implemented to quantitatively ana-
lyze the composition of materials. The X-ray microtomog-
raphy experiments are operated at the nano-3D imaging line 
station (BL18BB). The energy at this work is 20 keV, and 
the distance between the sample and the detector is 10 cm. 
Image data of the samples are collected with an angle range 
of 0° ~ 180°. The complete tomographic scan dataset is gath-
ered for about 60 min with 900 projections (each projection 
exposure time is 3 s). The resolution of the CT images is 
650 nm/pixel. After the original data are aligned by tomog-
raphy, the 3D electrode is reconstructed, and data visuali-
zation and analysis are performed in the software package 
Avizo. Nb K-edge X-ray absorption measurements are con-
ducted at the rare element analysis line station (BL13SSW), 
and the obtained data are analyzed by using the software 
package Athena software, Artemis, and Hephaestus.

2.3 � Electrochemical Measurements

To evaluate electrochemical performance of TNO and TNO-
Sb/Nb composites, they are used as active materials of 

anodes for assembling CR2032 coin-type half-cells, which 
are examined on the Neware-CT3008 system. Electrodes 
consist of polyvinylidene fluoride (PVDF) binder, Super P, 
and active composites with mass ratio of 1:1:8 and mix in 
N-methyl-2-pyrrolidone; subsequently, the uniformly mixed 
slurry is coated on Cu foil and then dried at 80 °C for 10 h 
in the vacuum. Anode pieces are procured from the foil cut 
into disks with an areal mass loading of active materials of 
1.4 ~ 1.9 mg cm−2. The Li half-cells are assembled in an 
argon-filled glove box (H2O < 0.01 ppm; O2 < 0.01 ppm). 
The separator is Celgard 2500 polypropylene membrane, 
and the liquid electrolyte is LiPF6 (1 M) in a mixture of 
EC/DEC/DMC (1:1:1 in volume). Galvanostatic discharge-
charge and GITT are tested by using Neware-CT3008 system 
in a range of 1.0-3.0 V. The CHI760 electrochemical work-
station is used to implement EIS and CV tests.

2.4 � Preparation of Pouch Cell

The active material of the cathode is LiNi0.8Co0.1Mn0.1O2 
(NCM), and both electrodes are made up of 10 wt% PVDF 
binder, 80 wt% active materials, as well as 10 wt% Super 
P. For the TNO-Sb/Nb||NCM pouch cell, the loading mass 
of cathode and anode electrodes is 16.0 and 20.7 mg cm−2, 
respectively. The amount of electrolyte is 14  mL. The 
1 C-rate is determined as 1.7 Ah at the voltage range of 
1.5 ~ 2.75 V. The energy densities of TNO-Sb/Nb||NCM 
pouch cell are calculated by the equations: volumetric 
energy density = cell capacity × average voltage/cell volume, 
and gravimetric energy density = cell capacity × average 
voltage/cell weight. To avoid the formation of lithium den-
drites caused by insufficient anode materials to receive the 
Li+ transferred from the cathode materials, excessive anode 
materials are adopted to ensure the safety of cell. However, 
too much anode materials will reduce the energy density of 
cell, so the N/P ratio of the TNO-Sb/Nb||NCM pouch cell 
is set to 1.05/1.

2.5 � Calculation Section

The DFT calculations are employed on electronic structure 
analysis, energetic calculation, and structural optimiza-
tion by using projector-augmented wave (PAW) method in 
the Vienna ab initio simulation package (VASP). The spin 
polarization generalized gradient approximation (GGA) of 
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Perdew-Burke-Ernzerhof (PBE) can be acquired from elec-
tron-ion exchange-correlation functional. Brillouin-zone 
integrations are sampled by employing k-point mesh of a 
Gamma-centered 1 × 3 × 2. The electronic ion interaction is 
defined by the PAW pseudopotentials. The valence electron 
states are amplified in the plane wave basis set, with a cut-
off energy of 500 eV. The electron energy is self-consistent 
when the energy change is lower than 10–6 eV, while the 
force changes lower than 0.03 eV Å−1 are used to determine 
the convergence of geometric optimization. Li+ ion migra-
tion is calculated by using a 1 × 3 × 1 TiNb2O7 supercell bulk 
model. The adsorption/desorption of EC-Li is evaluated by 
using the TiNb2O7 (001) slab model with a p(1 × 3) super-
cell. After structural optimization, it is found that the doped 
Sb and Nb mainly occupy the Ti sites.

3 � Results and Discussion

3.1 � Construction and Characterization

TNO and TNO-Sb/Nb are prepared by a simple high-tem-
perature solid phase method (Fig. 1a). As shown in Fig. S1, 
TNO-Sb/Nb and TNO consist of typical rod-like morphol-
ogy measuring 500 nm ~ 2 μm. The microstructures of TNO 
and TNO-Sb/Nb are elucidated by the TEM (Figs. 1b and 
S2a) and HRTEM (Figs. 1c and S2b), which suggest the 
interplanar crystal spacings of TNO and TNO-Sb/Nb are 
0.365 and 0.373 nm, respectively, both matched well with 
the (110) crystal planes. Compared with TNO, TNO-Sb/Nb 
shows larger interplanar spacings, indicating the increased 
unit cell volume which is more conducive to the diffusion 
of Li+. Selected area electron diffraction (SAED) patterns 
(Fig. S2c, d) verify fine single-phase structure and crystal-
linity of TNO-Sb/Nb and TNO. In addition, the elemental 
mapping consequences prove that the contained elements are 
evenly distributed in rod-like particles of TNO and TNO-Sb/
Nb, and Sb element has been successfully incorporated into 
TNO-Sb/Nb (Figs. 1d, S3, and S4). The ICP results show 
the content of each element in the TNO and TNO-Sb/Nb 
materials and further confirm the co-doping of Sb and Nb 
(Table S1).

To explore the crystal structure of TNO and TNO-Sb/Nb, 
XRD measurements are employed. The XRD patterns of 
the two materials (Fig. 1e) can be matched well with mono-
clinic phase ReO3 (JCPDS-77-1374) without observing any 

impurities phase. It is noteworthy that as the doping amount 
of Sb and Nb enlarges from 0 to 0.015, all the diffraction 
peaks transfer to a lower angle (Fig. S5), signifying an aug-
ment on interplanar spacing by crystallographic engineering, 
which is well consistent with the aforementioned HRTEM 
results. To further understand the lattice structure change of 
TNO and TNO-Sb/Nb samples, the Rietveld refinement is 
performed (Fig. 1f, g). The results concluded that the TNO-
Sb/Nb (a = 20.4192 Å and c = 11.9192 Å) shows larger lat-
tice parameters (Table S2), implying that TNO-Sb/Nb can 
provide wider Li+ diffusion channels compared to TNO, 
which facilitates faster diffusion and storage of Li+.

To analyze the elemental composition, electronic struc-
ture, and chemical state of material surfaces, XPS is pre-
sented (Figs.  1h and S6). The peaks around 464.2 and 
458.4 eV belong to Ti 2p1/2 and Ti 2p3/2 of Ti4+, respectively. 
Meanwhile, we can see that the introduction of Sb/Nb causes 
the Ti spectra slightly move to smaller binding energies, 
which may be induced by the reduction of atoms through 
charge redistribution. The detected peaks located at 533.6 
and 542.9 eV (Fig. 1h) match well with Sb 3d5/2 and Sb 3d3/2 
of Sb5+, respectively, further confirming the existence of Sb 
in the lattice of TNO-Sb/Nb. To objectively prove the exist-
ence of the redox activity of Sb, the XPS high-resolution 
spectra are conducted at different states of charge (SOC). 
As manifested in Figs. S7 and S8, when discharging to 2 V, 
the XPS spectra of Sb 3d and Nb 3d for TNO-Sb/Nb show a 
clear energy transfer. For instance, the binding energy of Sb 
3d5/2 peak for TNO-Sb/Nb transfers from 533.6 to 533.2 eV, 
along with the binding energy of Sb 3d3/2 peak moves from 
542.9 to 542.5 eV, revealing the reduced valence state of 
Sb and part of Sb5+ components are transformed into Sb3+. 
When discharging to 1.5 V and 1 V, due to the dense SEI 
films form on the surface as discharging time prolongs, there 
are no peaks of Sb/Nb elements are detected. Interestingly, 
when charging back to 3 V (Fig. S7c), the peaks of Sb 3d5/2 
and Sb 3d3/2 are restored to 533.6 and 542.9 eV, respectively, 
which suggests that Sb3+ participates in the oxidation reac-
tion. These results validate that Sb participates in the redox 
process and provides Sb5+/Sb3+ electron pair during cycling. 
The X-ray absorption analysis is conducted to verify that Sb/
Nb crystallographic engineering changes the distribution of 
niobium ions (Fig. S9a). The Nb K-edge X-ray absorption 
near edge spectroscopy (XANES) spectra slightly move to 
higher energy (Fig. S9b), certifying the increased valence 
state of Nb for TNO-Sb/Nb. The extended X-ray absorption 
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fine structure (EXAFS) spectra of Nb reveal the coexist-
ence of long Nb-O and short Nb-O bonds in two samples 
(Fig. 1i). After Sb/Nb crystallographic engineering, peak 

area and intensity of short Nb-O peak at the lowest R-space 
[15] slightly increase and shift, manifesting the short Nb-O 
bond is getting longer after redistribution (Fig. 1j).

Fig. 1   Preparation, microstructural analysis, and compositional characterization of the TNO and TNO-Sb/Nb. a Schematic synthesis of the 
preparation for TNO-Sb/Nb. b TEM image of the TNO-Sb/Nb microrods. c HRTEM image of the TNO-Sb/Nb. d STEM image and the corre-
sponding EDS mappings of TNO-Sb/Nb. e XRD patterns and partial enlarged views for TNO and TNO-Sb/Nb. The Rietveld refinement of XRD 
patterns of f TNO and g TNO-Sb/Nb. h XPS high-resolution spectra of TNO-Sb/Nb for O 1s and Sb 3d. i EXAFS spectra of the TNO and TNO-
Sb/Nb. j Diagram of octahedral changes induced by Nb-O bond redistribution
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3.2 � Electronic Structure and Li+ Diffusion Mechanism

To acquire in-depth understanding of the effect of Sb/Nb 
crystallographic engineering on the intrinsic electronic 
structure and the mechanism of Li+ diffusion, DFT com-
putations are performed. The substitution sites of Sb and 
Nb are initially judged based on earlier articles [14, 31, 
32] and ultimately determined by the thermodynamically 
lowest energy occupied sites. As highlighted in Fig. 2a, the 
Ti occupied site in TNO can be classified into five types; 
structural optimization results show that the introducing 
Sb and Nb elements tend to occupy the M5 site, where 
the structure exhibits lowest energy and is most stable. 
Generally, narrow bandgaps are conduced to the formation 
of intrinsic electrons and holes. As illustrated in Fig. 2b, 
c, the bandgap value of TNO-Sb/Nb is 1.64 eV, which is 
minor than that of TNO (1.83 eV). This can be ascribed to 
the introduce of Sb shift the energy most closely to Fermi 
level of conduction band to the left [28], which narrows 
the bandgap, improving the conductivity and electrochem-
ical reaction kinetics. Except for the research of electronic 
conductivity for TNO-Sb/Nb, the Li+ diffusion barriers 
and the diffusion channels for TNO-Sb/Nb and TNO are 
also evaluated in Fig. 2d–f. Notably, the energy barrier of 
Li+ diffusion along b-axis for TNO-Sb/Nb is reduced com-
pared to TNO (Fig. 2f). With the Sb/Nb crystallographic 
engineering, the Li+ diffusion barrier reduces dramatically 
from 0.96 to 0.74 eV. These calculation results can be 
attributed to the increase in lattice parameters a and c, 
which prompts the broadened Li+ diffusion channels along 
the b axis, consequently promoting the Li+ migration dur-
ing electrochemical reactions.

Furthermore, the corresponding adsorption energies of 
TNO and TNO-Sb/Nb are calculated to analyze the effect 
of Sb/Nb crystallographic engineering on the charge stor-
age capacity of electrode materials (Fig. 2g). The adsorp-
tion energy (Eads) of the TNO-Sb/Nb surface with solvated 
Li-EC (−3.91 eV) is significantly larger than the unmodi-
fied TNO surface (−3.42 eV), indicating the Sb/Nb crys-
tallographic engineering can improve surface adsorption 
capacity by optimizing the electronic and geometric struc-
ture, thereby facilitating pseudocapacitive charge storage. 
The Ti-O and Sb-O bonding states are studied by crystal 
orbital Hamilton population (COHP) computation. In gen-
eral, a positive –COHP value represents a bonding state and 
a negative –COHP value corresponds to an antibonding 

state, respectively [33]. To quantitatively evaluate the bond 
strength changes induced by Sb/Nb crystallographic engi-
neering, the negative integrated COHP (–ICOHP) is imple-
mented. The high –ICOHP value represents the strong 
orbital hybridization of the bond. As displayed in Fig. 2h, 
i, the –ICOHP value of Sb-O bond (6.51 eV) is larger than 
Ti-O (6.13 eV), demonstrating the stronger bond strength of 
TNO-Sb/Nb, concurrently identifying its superior structural 
stability.

3.3 � Electrochemical Performances

The electrochemical performances of TNO and TNO-Sb/Nb 
are researched by cyclic voltammetry (CV). As displayed 
in Figs. 3a and S10, three obvious couples of anodic and 
cathodic peaks of TNO-Sb/Nb and TNO are observed in 
the CV curves. The peaks at 1.60 V and 1.70 V demonstrate 
the presence of Nb5+/Nb4+ redox reactions. The peaks cen-
tered at 1.90/2.03 and 1.25/1.32 V can be identified with the 
redox reactions of Ti4+/Ti3+ and Nb4+/Nb3+, respectively. 
The almost coincident CV curves manifest the highly revers-
ible kinetics of the two electrodes. These reversible redox 
couples are closely correlated with the intercalation/deinter-
calation behaviors of Li+, confirming a certain structural sta-
bility and relatively balanced reaction dynamics of electrode 
materials. Remarkably, the redox potential difference in the 
first cycle of TNO-Sb/Nb (101 mV) is smaller than TNO 
(125 mV) (Fig. S10), revealing the smaller polarization and 
better reversibility during Li+ intercalation/deintercalation, 
accounting for the superior rate and cycling performance 
of TNO-Sb/Nb (as will be demonstrated later). Figures 3b 
and S11a illustrate the evolutions of the charge-discharge 
profiles for both anodes over the 60 cycles at 0.1 C in 1 ~ 3 V. 
It can be obtained that TNO and TNO-Sb/Nb exhibit a pair 
of conspicuous and highly reversible voltage plateaus dur-
ing the cycle, which represents the phase transition. But the 
voltage plateaus of TNO decay significantly faster compared 
to TNO-Sb/Nb, revealing the higher structural stability of 
TNO-Sb/Nb. Meanwhile, the voltage curves of TNO-Sb/
Nb remain relatively stable with minimal changes and show 
the lower capacity fading, while the voltage curves of TNO 
display more significant attenuation. This is mainly rooted 
in the smaller charge transfer impedance and diffusion resist-
ance of TNO-Sb/Nb, coupled with the reduction in interface 
side reactions.
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The cycle performances of TNO and TNO-Sb/Nb are 
investigated at 0.1 and 1 C (1 C = 270 mA g−1) as depicted 
in Figs. 3c and S12. Compared with TNO (254.8 mAh g−1, 
83.5%), TNO-Sb/Nb exhibits the higher specific capacity 
(276.7 mAh g−1) and capacity retention (88.5%) at 0.1 C after 
50 cycles. Meanwhile, the premier coulombic efficiency of 
TNO-Sb/Nb is about 98.0%, slightly larger than that of TNO 
(97.6%). Interestingly, the average coulombic efficiency of 
TNO-Sb/Nb is higher than that of TNO for long-circulation 
at any current density. This represents the more reversible 
extraction of lithium from the crystalline structure for TNO-
Sb/Nb. Moreover, TNO-Sb/Nb electrode is characterized 
by an outstanding first reversible specific capacity of 244.2 

mAh g−1, corresponding to 1.05 Li+/TM is reversibly inter-
calated at 1 C, as well as reveals a capacity retention of 87.6% 
after 300 cycles. As far as TNO, the capacity is 0.94 Li+/TM 
(219.7 mAh g−1) and the capacity retention is 87.4% over 300 
cycles at 1 C. Furthermore, the TNO-Sb/Nb also displays 
a better rate performance (Figs. 3d, e and S11b). Capacity 
retention rate of TNO-Sb/Nb is about 52.2% when the cur-
rent density aggrandizes from 0.2 to 20 C, which is higher 
than TNO (40.8%), implying the higher capacity and power 
density of TNO-Sb/Nb. The discharge capacities of TNO-Sb/
Nb sample deliver 269.2, 243.8, 229.1, 212.3, 187.8, 165.0, 
and 140.4 mAh g−1 at 0.2, 0.5, 1, 2, 5, 10, and 20 C, respec-
tively. There is a capacity retention rate up to 93.5% (251.7 

Fig. 2   a Optimized structure model of TNO-Sb/Nb for DOS. Density of states calculation results for b TNO and c TNO-Sb/Nb. The Li+ diffu-
sion models of d TNO and e TNO-Sb/Nb. f Diffusion barrier of Li+ along b tunnel of TNO and TNO-Sb/Nb. g Interfacial Li+ adsorption energy 
of TNO and TNO-Sb/Nb. Crystal orbital Hamilton population curves (COHP) for h Ti-O and i Sb-O bonds
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mAh g−1) for TNO-Sb/Nb when the current density comes 
back to 0.2 C. On the contrary, the specific capacity of TNO 
decreases to 108.3 mAh g−1 at 20 C, and the capacity reten-
tion rate is only 90.3% (239.4 mAh g−1) when the current 
density comes back to 0.2 C. The rate performance of the 
present TNO-Sb/Nb anode compares favorably with those 
of the reported TNO optimized anodes for LIBs (Fig. 3f). 
On the whole, the superior rate performance is promoted 
by excellent conductivity and reduced Li+ diffusion barrier 
in TNO-Sb/Nb, which can be demonstrated by the previous 
calculation results.

The cycling performances of TNO-Sb/Nb and TNO are 
also researched at high current density, as highlighted in 

Fig. 3g, where a respectable cycling stability for TNO-Sb/
Nb can be achieved with 89.8% capacity retention at the 
end of 700 cycles at 10 C. Even at a lower temperature 
of −30 °C, TNO-Sb/Nb can still exhibit a high capacity of 
102.6 mAh g−1 at 1 C, which is superior to TNO (92.3 mAh 
g−1). Benefitting from the facilitated Li+ diffusion kinetics 
and accelerated electron transfer, TNO-Sb/Nb has almost 
no decay in specific capacity and an excellent average cou-
lombic efficiency of 99.96% for 500 cycles (Fig. 3h). As 
depicted in Fig. S13, TNO-Sb/Nb anode achieves a specific 
capacity of 123.3 mAh g−1 after 500 cycles at 1 C in −20 °C 
with no capacity degradation. While TNO anode only exhib-
its a specific capacity of 109.3 mAh g−1 with a capacity 

Fig. 3   Electrochemical properties of TNO-Sb/Nb and TNO in half cell configuration: a CV curves of TNO-Sb/Nb within 1-3  V during the 
initial two turns. b Charge-discharge curves for TNO-Sb/Nb cells with different number of cycles at 0.1 C in 1.0 ~ 3.0 V. c Cycling performance 
during 50 cycles at 0.1 C of TNO and TNO-Sb/Nb. d Charge-discharge curves of TNO-Sb/Nb at different current densities. e Rate performance. 
f Performance comparison of TNO-Sb/Nb with TNO-based composites previously reported [11, 46–53]. g Cycling performance during 700 
cycles at 10 C of TNO-Sb/Nb and TNO electrodes. h Cycling performance of TNO and TNO-Sb/Nb at 1 C in −30 °C
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retention rate of 88.8% after 263 cycles at 1 C in −20 °C. 
When the temperature drops to −40 °C, TNO-Sb/Nb anode 
still delivers a specific capacity of 101.0 mAh g−1 and a 
capacity retention of 100% after 150 cycles at 0.2 C, which 
is surpassing than TNO (85.6 mAh g−1, 100%). Such results 
validate that the Sb/Nb crystallographic engineering dra-
matically improves the low-temperature performance of 
TNO materials. At high temperatures, as affected by the 
high-temperature decomposition of electrolyte, the specific 
capacity of TNO and TNO-Sb/Nb decays faster (Fig. S14). 
Consequently, we will further conduct high-temperature 
modification researches on TNO-Sb/Nb in future to enhance 
its operational durability at high temperatures.

3.4 � Electrochemical Reaction Kinetics

To analyze the difference of surface chemistry between pris-
tine TNO and doped TNO-Sb/Nb samples after cycling, XPS 
depth profiling analysis is carried out by using argon ion 
etching to characterize the atomic concentration of elements 
after 300 cycles at 1 C (Fig. S15). Notably, there are no Nb 
3d signal peaks detected on the surface of TNO, while TNO-
Sb/Nb still displays obvious signal peaks of Nb 3d spectra. 
It is not difficult to infer that both TNO and TNO-Sb/Nb can 
form the dense SEI films during discharging process (Figs. 
S8a-d and S15). However, compared to TNO-Sb/Nb, TNO 
holds poorer degradability on SEI films during charging, 
causing TNO the thicker SEI films after multiple cycles; 
thus, no peaks of Nb 3d spectra are recognized. As the etch-
ing depth increases, there are not only Nb5+ but also un-
oxidized Nb3+ discovered in the TNO and TNO-Sb/Nb, and 
the content of un-oxidized Nb3+ is growing. The un-oxidized 
Nb3+ illustrates the presence of dead lithium in electrode 
materials. The thicker the SEI films form, the more the dead 
lithium is generated, throwing light upon the reason of more 
severe capacity decay for TNO electrode after cycling.

To investigate the reaction kinetics of the TNO and TNO-
Sb/Nb, CV tests are performed. As displayed in Figs. 4a and 
S16a, the shapes of the CV curves are consistent at differ-
ent scanning rates, indicating that the TNO-Sb/Nb electrode 
has excellent stability. It is not difficult to find that there is 
a linear relationship between the square root of scanning 
rate (ν1/2) and the peak current (ip) (Fig. S16b, c). The slope 
absolute values of the ip-ν1/2 fitting lines for TNO-Sb/Nb are 
larger, revealing it has a greater Li+ diffusion coefficient as 

a result of the expanded lattice volume induced by the Sb/
Nb crystallographic engineering. The pseudo-capacitance 
contribution of the TNO-Sb/Nb is calculated from the equa-
tion relating current and sweep rate [34]:

where both a and b are variables. Particularly, the reaction 
dynamic is dominated by diffusion control behavior when 
the calculated b value approaches 0.5. In contrast, reaction 
dynamic is dominated by pseudocapacitive electrochemistry 
when the b value draws near 1.0. The b value can be obtained 
by the slope of the logip-logv diagram, as depicted in Fig. 4b. 
The b values in the anodic and cathodic processes for TNO 
and TNO-Sb/Nb cells are 0.81/0.76 and 0.90/0.86, respec-
tively, suggesting a predominance of surface or near-surface 
controlled fast charge storage over diffusion-controlled bulk 
phase processes. The contributions of the above two control 
modes are further quantified by Eq. (2) [35, 36]:

where k2v1/2 denotes the diffusion contribution and k1v 
denotes the capacitive contribution. The pseudo-capacitance 
process is a reversible and rapid redox process which occurs 
at or near the surface without phase transition or chemical 
bond breaking. The capacitive contribution of TNO-Sb/Nb 
at 0.2 mV s−1 reaches as high as 81% (Fig. S17b), which is 
much more than that of TNO (58%) (Fig. S17a). Further 
tests show the capacitive contribution of TNO-Sb/Nb is 
higher than TNO at diverse sweep speeds (Fig. 4c). What’s 
more, the capacitive contribution of TNO-Sb/Nb is even up 
to 92% at 1 mV s−1. The higher pseudocapacitive contribu-
tion means faster electrode reaction kinetics of TNO-Sb/Nb, 
which unveils the fundamental reason for the favorable rate 
performance of the TNO-Sb/Nb electrodes.

To elucidate the Li+ diffusion kinetics for TNO and TNO-
Sb/Nb electrodes, galvanostatic intermittent titration tech-
nique (GITT) is implemented. Fluctuations of DLi

+ values 
during the whole electrochemical process stem from the 
extraction and insertion of Li+ from different sites [37]. As 
summarized in Fig. 4d, e, the calculated DLi

+ values stay in 
the magnitude range of 10−10 ~ 10−12 cm2 s−1. It should be 
noted that the DLi

+ values of TNO-Sb/Nb are higher than 
that of TNO, manifesting that the TNO-Sb/Nb electrode is 
blessed with the accelerated Li+ diffusion during charge 
and discharge processes. To more in-depth research Li+ 

(1)i = avb

(2)i = k
1
v + k

2
v

1

2
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diffusion kinetics for TNO and TNO-Sb/Nb electrodes at 
low temperatures, the GITT tests at −30 °C are conducted. 
As depicted in Fig. S18, TNO-Sb/Nb still carries a greater 
Li+ diffusion coefficient at low temperatures by virtue of 
the decreased diffusion energy barriers and widened Li+ 
diffusion channels induced by Sb/Nb crystallographic engi-
neering, resulting in the reduced polarization. In conse-
quence, the Sb/Nb crystallographic engineering remarkably 
improves the low-temperature performance of TNO-Sb/Nb.

The charge transfer kinetics of TNO-Sb/Nb are further 
explored by experimental method. As we all know, acti-
vation energy of charge transfer can be obtained by the 
Arrhenius equation [38]:

in which Rct is the charge transfer impedance, R belongs to 
gas constant, T represents the temperature (K), A0 defines as 
a constant number, and Ea constitutes the activation energy. 
The Rct is assessed by the electrochemical impedance spec-
troscopy (EIS) tests at various temperatures (Fig. S19). As 
illustrated in Fig. S20, the equivalent circuit is identified 
based on the EIS pattern, where RΩ, Zw, and Rct belong to 
electrolyte resistance, Warburg impedance, and charge trans-
fer impedance, respectively. Rct results of TNO and TNO-Sb/
Nb fitted by the equivalent circuit are shown in Table S3. As 
the Rct of TNO-Sb/Nb at different temperatures is smaller 

(3)
1

R
ct

= A
−

Ea

RT

0

Fig. 4   Kinetics analysis: a CV curves of the TNO-Sb/Nb under various scan rates range from 0.1 to 1.0 mV s−1. b Relation diagrams of the 
log ip and log v for TNO and TNO-Sb/Nb electrodes. c Proportional distribution of pseudo-capacitance contribution and diffusion contribution 
capacities at various sweep rates. d GITT curves. e Computed results of Li+ diffusion coefficients for TNO and TNO-Sb/Nb. f Arrhenius plots 
and calculated activation energy. g EIS evolution at different potentials. The corresponding two-dimensional DRT diagram for h TNO and i 
TNO-Sb/Nb



Nano-Micro Lett. (2025) 18:91	 Page 11 of 17  91

than TNO, we can conclude that TNO-Sb/Nb possesses 
faster interfacial reaction and lower energy barrier [39]. 
According to the Arrhenius equation, the calculated activa-
tion energy (Ea) of TNO-Sb/Nb is 48.2 kJ mol−1, which is 
lower than TNO (52.5 kJ mol−1), indicating the proportion 
of activated molecules has increased, thereby promoting Li+ 
reaction kinetics (Fig. 4f).

To more deeply comprehend the Li+ kinetic evolution 
process than the EIS plots (Fig. 4g), the distribution of 
relaxation times (DRT) method is applied [40, 41]. The 
DRT is a technique that is able to transform the EIS in 
the frequency domain into the DRT function in the time 
domain by Eq. (4) [42]:

Peak area indicates impedance value, and a peak of 
particular relaxation time represents a related specialized 
electrochemical process. As highlighted in Fig. S21, the 
DRT results can distinctly distribute the electrochemical 
phase transitions of the TNO and TNO-Sb/Nb electrodes 
and their several evolutions on impedance at different 
SOC. The peaks at 2 × 10−5 to 2 × 10−2 s show an irrevers-
ible evolution that is derived from the SEI formation and 
ion transport at the interface SEI [43]. It is worth noting 
that the RSEI values in the charging process are more sta-
ble and smaller compared with the discharging process, 
which is related to the degradation of the SEI films during 
charging process. Moreover, the RSEI values of TNO-Sb/
Nb are smaller than TNO, accounting for the larger aver-
age coulombic efficiency of TNO-Sb/Nb cycling at differ-
ent current densities. Relaxation processes at 2 × 10−2 to 
20 s are relatively reversible, representing the charge trans-
fer processes (Rct) [44]. The TNO-Sb/Nb electrode has 
lower Rct, coinciding well with the lower activation ener-
gies for charge transfer (Fig. 4h, i). DRT mappings reveal 
that TNO-Sb/Nb and TNO own similar phase transition 
processes and impedance evolution at different SOC; nev-
ertheless, TNO-Sb/Nb exhibits smaller impedance values 
and earlier electrode reaction (Figs. 4h, i and S22), which 
indicate the smaller polarization and faster electrode reac-
tion kinetics for TNO-Sb/Nb after introducing the Sb/
Nb crystallographic engineering. Even at −30 °C, where 
impedance values of both materials increase owing to the 
decreased electronic conductivity and enlarged viscosity 

(4)Z(�) = R∞ +
∞

∫
0

�(�)

1 + j��
d�

of electrolyte, TNO-Sb/Nb still expresses lower RSEI and 
Rct values than those of TNO. This can be ascribed to 
the Sb/Nb crystallographic engineering which lowers the 
activation energy, narrows the band gap, and expands 
the Li+ transport channels, thereby reducing polarization 
and improving the ion/electron transport for TNO-Sb/Nb 
at low temperatures (Fig. S22). Together, these results 
explain the superior rate performance and low-temperature 
performance observed for the TNO-Sb/Nb electrode.

3.5 � Electrode Structure Evolution and Stability 
Analysis

In situ XRD analysis is implemented to monitor crystal 
structural evolutions of TNO and TNO-Sb/Nb upon lithia-
tion/delithiation, unraveling significantly different Li-storage 
behaviors. The structural evolution in the lithiation process 
includes three regions (Fig. 5a, b). Region I and region III 
are solid solution phase transition region, in which the volt-
age curve changes quickly. Region II belongs to the two-
phase coexistence zone, where a stable platform appears. 
As demonstrated in Fig. S23, TNO-Sb/Nb and TNO first 
go through the I region during the discharging process, in 
which the diffraction peaks of (110), (−111), (401), (003), 
(111), (112), (−512), (−113), (601), and (511) constantly 
move toward smaller angles. It is apparent that no new phase 
diffraction peaks are generated despite the interplanar spac-
ing enlarges, revealing I region is the solid solution phase 
transition region. After discharging to II region, the diffrac-
tion peaks of (110), (−111), (112), (−512), (−113), (511) 
still deviate to small angles, resulting in the growth of lat-
tice constant b. Surprisingly, the intensity of all diffraction 
peaks in this region gradually weakens, along with an expan-
sion of the half-peak width, signifying that lattice distortion 
aggrandizes with the constant insertion of Li+, which leads 
to an increase in the degree of lattice disorder. Meanwhile, 
some characteristic diffraction peaks such as (003), (111), 
(110), (−512), (401), (601) fade and form the new peaks by 
cause of the redistribution of atoms and changes of chemi-
cal composition. Therefore, the II region is two-phase coex-
istence zone. At end of the II region, all the characteristic 
peaks disappear and convert to new phase (Li1.68TNO or 
Li1.68TNO-Sb/Nb) [19]. When discharging to III region, the 
vast majority of new characteristic peaks migrate to small 
angles and gently intensify with the insertion of Li+, while 
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no other characteristic peaks are observed, verifying that 
the III region is a solid solution phase transition region. As 
a result, the lattice constants a, b, and c in this region are 
constantly increasing as the volume of the unit cell increases 
(Fig. 5c, d). The phase evolution pathway of charging pro-
cess is opposite. It can be clearly observed that all the dif-
fraction peaks return to their original positions along the 
opposite phase transition path when the charging is com-
pleted, approving the excellent reversibility of the struc-
ture, which explains the reason for their good long-cycle 
performance.

The evolution of the lattice parameters is extracted by 
Rietveld refinements, as presented in Fig. 5c, d. By the Sb/
Nb crystallographic engineering, TNO-Sb/Nb presents a 
lower change of lattice parameters than TNO in the lithia-
tion and delithiation processes. According to the 2D contour 
plots and 3D surface colormaps, TNO-Sb/Nb shows lower 
offset than those of TNO (Fig. 5e, f). In situ XRD refinement 
displays that the cell volume expansion coefficients of TNO-
Sb/Nb at 1.0 V is 9%, lower than 9.5% for TNO. Note that 

the b value increases monotonically throughout discharge 
process, which means that the Li+ diffusion path is along the 
b-axis perpendicular to the ac-plane. The more gently lattice 
parameter change and smaller volume expansion are owing 
to the broaden of ion diffusion channels and the stronger 
bond strength after introducing the Sb/Nb crystallographic 
engineering, which is conducive to the enhancement of long-
term cycling ability.

To further clarify superior long-term mechanical stabil-
ity of TNO-Sb/Nb, the nanoindentation test is carried out. 
As shown in Tables S4 and S5, the average elastic modulus 
and average hardness of the TNO-Sb/Nb materials after 300 
cycles at 1 C are 9.5 and 0.13 GPa, respectively, which are 
larger than those of the TNO (5.4 and 0.07 GPa). The results 
establish that TNO-Sb/Nb possesses good mechanical 
strength, which can resist stress impact and plastic deforma-
tion during cycling, thus enhancing the long-term structural 
stability. To study the effect of Sb/Nb crystallographic engi-
neering on the stress-strain in the bulk phase of TNO-Sb/Nb 
materials after circulation, synchrotron radiation X-ray 3D 

Fig. 5   2D contour maps of in situ XRD patterns of a TNO and b TNO-Sb/Nb for the first cycle at 67.5 mA g−1. Lattice constant variations in c 
TNO and d TNO-Sb/Nb. 3D surface maps and corresponding projection drawing for e TNO and f TNO-Sb/Nb. The 3D images of TNO-Sb/Nb 
g before and h after cycling by synchrotron radiation X-ray 3D nano-computed tomography. TEM and HRTEM images for TNO-Sb/Nb micro-
spheres at i discharge to 1.0 V and j charge to 3.0 V along (−222) zone axis
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nano-computed tomography is conducted. It is important to 
note that no cracks are observed before and after cycling, 
hinting that TNO-Sb/Nb owns a super-stable structural 
framework, which is capable of withstanding the volumetric 
strain during long-term Li+ intercalation/de-intercalations 
(Fig. 5g, h) [45]. To further verify that the TNO-Sb/Nb pos-
sesses small stress and strain after circulation, the TEM and 
HRTEM are investigated. As shown in Fig. 5i, j, TEM and 
HRTEM images of the TNO-Sb/Nb reveal that lithiation 
and delithiation along (−222) zone axis demonstrates an 
inconsiderable variation in the interplanar spacing, mani-
festing an excellent small-strain characteristic and the revers-
ible electrochemical redox reaction of TNO-Sb/Nb, which 
further confirms the superior structural stability during Li+ 

insertion/extraction process. This is responsible for the bet-
ter cycling stability of the TNO-Sb/Nb anode.

To explore the long-term thermodynamic stability of 
TNO-Sb/Nb anode under repeated cycling and temperature 
fluctuations, the surface morphology, microstructure and 
change of component for the TNO-Sb/Nb are elucidated 
after 500 cycles at 1 C in −30 °C. To be noted, there are 
no fractures appearing on the TNO-Sb/Nb electrode (Fig. 
S24). Simultaneously, the post-cycling TEM, post-cycling 
STEM, and post-cycling elemental mapping results denote 
that TNO-Sb/Nb materials keep intact, crack-free particle 
morphology with uniform elemental distribution after low-
temperature cycling (Fig. S25). Additionally, TNO-Sb/Nb 
electrode shows no impurity phases formation, hinting there 

Fig. 6   Electrochemical properties of TNO-Sb/Nb||NCM pouch cell: a Schematical illustration of TNO-Sb/Nb||NCM pouch cell. b Charge/dis-
charge curves at varying rates. c Rate performance. d Cycle stability of TNO-Sb/Nb||NCM at 3 C (The inset shows the pouch cell lighting a 
LED). e XRD patterns before and after the cycle for TNO-Sb/Nb||NCM pouch cell. f Schematic illustration revealed the different lithiation kinet-
ics mechanisms before and after the crystallographic engineering



	 Nano-Micro Lett. (2025) 18:9191  Page 14 of 17

https://doi.org/10.1007/s40820-025-01949-0© The authors

is no dopant migration or phase segregation occurring over 
extended use (Fig. S26). Such observations convince that 
TNO-Sb/Nb owns a splendid structural robustness even after 
prolonged low-temperatures cycling.

3.6 � Practical Application

Aiming at further exploring the practical appli-
cability of TNO-Sb/Nb, a pouch cell of TNO-Sb/
Nb||LiNi0.8Co0.1Mn0.1O2 (NCM) is assembled (Fig. 6a). 
Figure 6b and c presents the excellent rate performance of 
TNO-Sb/Nb||NCM pouch cell with average capacities of 
1.61, 1.58, 1.54, 1.46, 1.39, 1.29, 1.19, and 1.14 Ah at 0.2, 
0.5, 1, 3, 5, 10, 15, and 17 C, respectively. It is noteworthy 
that the average specific capacity of 1.45 Ah is regained 
when the current density is reverted to 3 C, which is 99.3% 
of the previous capacity, verifying its wonderful reversibil-
ity. Besides, the pouch cell shows good cycling stability even 
at 3 C, which maintains an impressive capacity retention 
ratio of 93.8% after 700 cycles, with a capacity loss of only 
0.0089% per cycle (Fig. 6d). Moreover, TNO-Sb/Nb||NCM 
pouch cell acquires a gravimetric energy density of 94.4 Wh 
kg−1 at 3 C and a volumetric energy density of 243.1 Wh L−1 
at 0.2 C. The results of XRD patterns reveal that there is no 
impurity phase generation before and after the cycle, prov-
ing that no side reaction occurs during the cycle (Fig. 6e). In 
light of the above experimental and theoretical analyses, we 
explore and rationalize these intertwined reaction processes 
and their determining factors, and simultaneously draw the 
different lithiation kinetics mechanisms diagram to provide 
inspiration for the structural design of the next generation of 
long-life and fast-charging batteries (Fig. 6f).

4 � Conclusion

In summary, a comprehensive study has been performed 
on the Sb and Nb bimetallic synergistic optimized 
TiNb2O7-based anode materials to understand the influ-
ence of the co-introduction of Sb/Nb on the electronic 
structure and the lattice structure. DFT calculation dem-
onstrates that the Sb/Nb crystallographic engineering 
improves the electrical conductivity and decreases the Li+ 
diffusion barrier of TiNb2O7. In situ XRD and synchrotron 
radiation X-ray 3D nano-computed tomography certify the 

crystallographic engineering reduces the volume and strain 
change of the unit cell upon repeated cycling, facilitating 
the structural stability. Therefore, TNO-Sb/Nb electrode 
exhibits prominent cycling stability and high-rate perfor-
mance, with a capacity loss of only 0.015% per cycle over 
700 cycles at 10 C and a capacity of 140.4 mAh g−1 at 
20 C. At −30 °C, TNO-Sb/Nb electrode presents prefer-
able low-temperature performance with negligible capac-
ity decline after 500 cycles at 1 C. Moreover, the TNO-Sb/
Nb||NCM pouch cell still achieves a remarkable capacity 
retention ratio of 93.8% after 700 cycles at 3 C. Our work 
employing crystallographic engineering design provides 
a new approach to develop high-performance electrode 
materials for high-power and low-temperature LIBs.
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