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a b s t r a c t

Li4Ti5O12/TiN nanocomposites are fabricated through high-energy ball-milling of the mixture of spinel
lithium titanate and TiN powder with different mass ratios of 100:1, 100:2, 100:4, and 100:8 (resultant
nanocomposites are denoted as LTOeTiN-1B, LTOeTiN-2B, LTOeTiN-4B, and LTOeTiN-8B). All ball-milled
samples exhibit markedly improved electrochemical properties than pristine Li4Ti5O12. Particularly, LTO
eTiN-2B electrode has a high capacity of 130 mA h g�1 at a charge/discharge rate of 20C and the capacity
retention was 85% after 1000 cycles at 10C, showing the best electrochemical performance and great
potential as an anode material for high-rate lithium-ion batteries. The transmission electron microscopy
and X-ray diffraction results indicate that amorphous TiN is generated on the surface of LTO. The
improved electrochemical performance may be attributed to TiN which can significantly enhance the
electronic conductivity of the nanocomposites.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, spinel lithium titanate (Li4Ti5O12, LTO) has
attracted considerable attention as an alternative anode material
for lithium-ion batteries [1e6], because it has a very flat potential
plateau at approximately 1.5 V versus Liþ/Li and displays good
reversibility and structural stability (zero-strain insertion material)
in the charge/discharge process. In the meantime, Li4Ti5O12 has
a better thermal stability than natural graphite [7] and a one
order of magnitude larger chemical diffusion coefficient than
carbonaceous anode materials, which should be favorable for high
rate operation [8]. However, Li4Ti5O12 has a poor electrical
conductivity (<10�13 S cm�1) leading to initial capacity loss and
poor rate capability [9], which greatly limits its practical applica-
tions. To overcome this drawback and improve the electrochemical
performance and increase the lithium ionic conductivity of
Li4Ti5O12, researchers have made great efforts to synthesize
various specially-shaped nanostructured Li4Ti5O12 (e.g., hollow-
sphere [10], nanotube [11], and three-dimensionally ordered
macropore [12]), to substitute a small quantity of Liþ, Ti4þ or O2�

sites with supervalent metal ions (e.g., V5þ [13], Mo4þ [14], Cr3þ
.
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[15], Ni3þ [16], and Br� [17]) and to incorporate second phase with
high electronic conductivity (e.g., Cu [18], Ag [19], carbon [20,21],
carbon nanotube [22], graphene [23], SnO2 [24], and organic
compounds [25]). Recently, DeSisto et al. [26], by making use of
atomic layer deposition technique, prepared lithium titanate
powder coated with TiN layer and obtained improved electro-
chemical performance. Park et al. [27] and Zhou et al. [28], who
separately prepared Li4Ti5O12/TiN nanocomposites by annealing
Li4Ti5O12 in flowing NH3 gas, attributed the excellent electro-
chemical properties of Li4Ti5O12/TiN at high current densities to
the formation of amorphous TiN with metallic conductivity on the
surface of Li4Ti5O12. Unfortunately, ammonia used in those
researches is dangerous, corrosive and environmentally unfriendly,
making it infeasible to achieve large-scale production. Zhang et al.
[29] selected urea as a nitrogen source to prepare a TiN layer with
high electrical conductivity on Li4Ti5O12 through heat-treatment
and obtained greatly improved electrochemical rate performance
and cycling behavior than raw Li4Ti5O12. This approach, however,
relies on calcination at elevated temperature of 800 �C to coat TiN
on the surface of Li4Ti5O12; and as-obtained Li4Ti5O12/TiN nano-
composite has only slightly increased discharge specific capacity
owing to large average size of about 200 nm. This means it still
remains a challenge to develop a facile and scalable process to
prepare Li4Ti5O12/TiN nanocomposites without using expensive
equipment as well as dangerous and highly corrosive medium like
ammonia.
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Bearing those perspectives in mind, in the present research we
pay special attention to preparing Li4Ti5O12/TiN nanocomposite by
high-energy ball-milling method. High-energy ball-milling, as
a mechanical chemical method, uses mechanical energy to induce
chemical reaction and change in material organization, structure
and property via high-speed vibration and rotation, making it
feasible to fabricate materials with special structure that is hard to
produce by other technique thereby extending the utilization range
of materials. For instances, Foster et al. prepared nanocomposite of
lithium oxide and tin by reducing SnO with Li3N through a powder
milling process; and they found that the tin particles were
uniformly distributed within a lithium oxide matrix with the
majority of tin particles on the order of 100 nm or less and most of
the irreversible capacity on the first cycle associated with SnO
electrodes was eliminated [30]. Ni et al. prepared LiMnPO4 by
applying a high-energy ball-milling method and found that ball-
milling process led to decreased crystallinity and particle size in
association with expanded unit cell volume and lattice defects of
LiMnPO4. As a result, the lattice stress and strain associated with
JahneTeller distortion were more readily relaxed, resulting in
remarkably improved electrochemical activity of ball-milled
LiMnPO4 than the pristine one [31]. Tu et al. synthesized nano-
sized LiFePO4/C composite by making use of ball-milling route and
follow-up solid-state reaction, acquiring excellent rate capability
and cycling stability [32]. Enlightened by those researches, here we
report the preparation of Li4Ti5O12/TiN nanocomposite by high-
energy ball-milling as well as investigation of the microstructure
and electrochemical properties of as-prepared nanocomposite
product in relation to pristine Li4Ti5O12. This, to the best of our
knowledge, is the first report on high-energy ball-milled Li4Ti5O12/
TiN nanocomposite.

2. Experimental

2.1. Sample preparation

Li4Ti5O12 particles with a spinel structure were synthesized by
aqueous ion-exchange, where the solution of 0.6M LiOH containing
sodium titanate nanotubes (the preparation of sodium titanate
nanotubes has been reported elsewhere [33]) at a Li to Ti molar
ratio of 6:1 was used. The mixture was stirred at room temperature
for 24 h, followed by filtrating and drying at 60 �C for 12 h. The
dried mixture was then heated at 600 �C for 2 h in air and cooled
down to room temperature naturally, yielding spinel Li4Ti5O12
denoted as LTO. As-synthesized LTO was mixed with TiN powder
(purchased from Alfa) at a mass ratio of 100:1, 100:2, 100:4 and
100:8, respectively. Resultant LTOeTiN mixtures were sealed in an
80 mL agate mortar and placed in an argon-filled glove box, fol-
lowed by 10 h of ball-milling with a Planetary Mono Mill P-6
(Fritsch, Germany) at a rotary rate of 350 revmin�1, where the ball-
miller was shut down for an interval of 15 min every 1 h. Corre-
sponding ball-milled mixtures are denoted as LTOeTiN-1B,
LTOeTiN-2B, LTOeTiN-4B, and LTOeTiN-8B, respectively (here
numerals 1, 2, 4, and 8 refer to mass ratio 100:1, 100:2, 100:4 and
100:8 of pristine LTO to TiN powder; letter B refers to ball-milling).
In the meantime, pristine LTO was also mixed with TiN at a mass
ratio of 100:8 and ground with hand, yielding sample denoted as
LTOeTiN-8M for a comparative study.

Besides, a proper amount of glucose was dissolved in distilled
water and mixed with as-obtained LTO at a mass ratio of 100:2
(versus the amount of carbon, i.e., the mass ratio of LTO to C).
Resultant mixture was heated at 60 �C to allow full drying. Finally,
as-dried mixture was calcinated at 600 �C for 2 h under Ar atmo-
sphere, generating target Li4Ti5O12/C composite denoted as LTO/C
for a comparative study.
2.2. Characterization

Scanning electron microscopic (SEM) images of samples were
obtained using a JOEL JSM 6701 at a beam potential of 5 kV.
Transmission electron microscopic (TEM) pictures were obtained
using a JEM-2010 electron microscope. X-ray diffraction (XRD)
patterns were measured with a Philips X’Pert Pro X-ray diffrac-
tometer. An ESCA-LAB210 X-ray photoelectron spectroscope (XPS)
was performed to determine the surface composition and valence
states of typical elements of various ball-milled samples, where the
binding energy of contaminant carbon (C1s: 284.8 eV) was adopted
to calibrate XPS data.

2.3. Electrochemical measurements

The mixture of active materials (pristine LTO or Li4Ti5O12/TiN
nanocomposites), conductive agent (carbon black), and binder
(polyvinylidene fluoride, abridged as PVDF) with a mass ratio of
80:10:10 was dissolved in N-methyl-2-pyrrolidone and coated onto
copper foils. As-coated copper foils were dried under vacuum at
120 �C for 12 h, cut into plates with a size of about 15 mm, and
pressed into working electrodes. The working electrodes and
metallic Li counter electrode were assembled into cells by using
Celgard 2400 as the separator and 1 M solution of LiPF6 in ethylene
carbonate and dimethyl carbonate (volume ratio 1:1) as the elec-
trolyte. The cells were constructed in an Ar-filled glove box. The
charge/discharge curves were measured using a LAND Cell tester
(Wuhan, China) at a cutoff voltage of 1.0e3.0 V. Cyclic voltammetric
curves were recorded in a voltage range of 1.0e2.2 V at a scan rate
of 0.1 mV s�1. An IM6 impedance and electrochemical measure-
ment system with a conventional two-electrode cell (Zahner,
Germany) was performed to measure the electrochemical imped-
ance spectra (EIS). Alternating current amplitude of 5 mV was
applied, and data were collected in a frequency range from 0.01 Hz
to 100 kHz.

3. Results and discussion

3.1. Characterization of Li4Ti5O12/TiN nanocomposite

Fig. 1 shows the TEM (a) and SEM (b, c) images of various
samples. Pristine TiN has a sheet-like morphology at micron scale
(Fig. 1a), being about 0.5e3.0 mm. Micron scale TiN sheets still exist
in the LTOeTiN-8M sample (Fig. 1b), because it only experiences
a simple grinding process. However, original sheet-like micron-
sized TiN particulates are not observed in ball-milled LTOeTiN-2B
(Fig. 1c), which indicates that the size of TiN particulates is
greatly reduced after ball milling, possibly due to continuous
mechanical deformation during ball-milling process resulting in
grain refinement. High-resolution TEM (HRTEM) image (Fig. 1d)
indicates that sample LTOeTiN-2B has a highly ordered lattice
structure and a spacing of 0.45 nm which corresponds to the
interplanar spacing of the (111) plane of spinel LTO. Besides, sample
LTOeTiN-2B has a glassy surface structure with a thickness of a few
nanometers, which is much different from that of the core and is
due to the formation of amorphous TiN layer on the surface of LTO.
The amorphous TiN in sample LTOeTiN-2B is generated via crystal-
to-amorphous phase transition of micron-sized TiN induced by
high-energy-ball-milling [34,35]. Namely, micron-sized TiN sheets
experience grain refinement under continuous shear stress and
impact force attributed to ball-to-ball and ball-to-vial-wall colli-
sions; and excessive free enthalpy produced in continued high-
energy ball-milling is accumulated at the nano-grain boundary.
As a result, micro-sized TiN sheets undergo crystal-to-amorphous
phase transition yielding amorphous TiN with a high electrical



Fig. 1. (a) TEM image of pristine TiN; (b) SEM image of LTOeTiN-8M; (c) SEM image of LTOeTiN-2B and (d) high-resolution TEM image of LTOeTiN-2B.
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conductivity on the surface of LTO. In this way, LTO/TiN nano-
composites with good electrical conductivity can be prepared via
a facile and scalable process at lowered temperature without using
expensive equipments or dangerous and highly corrosive ammonia.

The XRD patterns of various as-synthesized Li4Ti5O12/TiN
nanocomposites are shown in Fig. 2. It can be seen that pristine LTO
has cubic spinel structure and contains no impurities, and its crystal
structure is retained after high-energy ball-milling. In the mean-
time, samples LTOeTiN-1B and LTOeTiN-2B do not show any
diffraction peaks of TiN, possibly because they contain too low
content of TiN. Samples LTOeTiN-4B and LTOeTiN-8B, however,
show XRD peaks of TiN labeled by asterisks (*) along with those of
LTO. This implies that mixing LTO and TiN powder at a mass ratio of
100:4 and above facilitates the detection of TiN in high-energy ball-
Fig. 2. XRD patterns of (a) pristine LTO, (b) LTOeTiN-1B, (c) LTOeTiN-2B, (d), LTOeTiN-
4B, (e) LTOeTiN-8B, and (f) LTOeTiN-8M.
milled sample by XRD. The mean crystallite sizes of pristine LTO
and LTO/TiN nanocomposites, calculated by Scherrer’s formula, are
all about 19 � 1 nm. Moreover, by comparing the XRD pattern of
LTOeTiN-8B with that of LTOeTiN-8M, we can see that the
diffraction peaks of TiN in the former are broader and weaker than
those of TiN in the later, which implies that both the crystallinity
and crystalline size of TiN are greatly reduced during high-energy
ball-milling, due to ball-milling-induced grain refinement and
crystal-to-amorphous phase transition of TiN.

XPS techniques were utilized to test whether there is any new
chemical bond produced or there is change in chemical environ-
ment of surface elements. As shown in Fig. 3, two kinds of N species
(N1s spectrum) are detected in sample LTOeTiN-8M, correspond-
ing to N1s binding energies of 396.3 eV and 399.5 eV. The N1s peak
at 396.3 eV corresponds to TieNeTi bond [36,37]; and that at
399.5 eV can be assigned to TieNeO bond [36,37] formed by
surface oxidation of TiN. As to sample LTOeTiN-8B, it can be seen
that high-energy ball-milling of the mixture of LTO and TiN
generates a new N1s peak around 402.0 eV. This new N1s peak can
be assigned to Li3N [38], and it is originated from the chemical
reaction between N and Li under elevated local temperature,
increased reaction interface area associated with repeated fracture
and rewelding of powders, and enhanced diffusion rate of atoms in
ball-milling process. In other words, Li3N as one of the best lithium-
ion conducting compounds (sLiþ z 10�4 S cm�1 at room temper-
ature and DLi z 10�3 cm2 s�1 at 500 �C) [39,40] is conducive to
diffusion and transmission of lithium ions in the electrode. The TiN/
Li3N ratio of sample LTOeTiN-8B was calculated, based on the
deconvolution of the N1s XPS spectrum, to be about 6.3:1. This
means that N mainly exists as titanium nitride in sample LTOeTiN-
8B, but a small part of N exists as lithium nitride in the
nanocomposite.



Fig. 3. XPS spectrum of N1s of (a) LTOeTiN-8B and (b) LTOeTiN-8M.
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3.2. Electrochemical properties of Li4Ti5O12/TiN nanocomposite

Fig. 4 shows the first charge/discharge curves of pristine LTO and
LTOeTiN-2B electrodes at different rates from 1C to 20C. Both
electrodes exhibit a flat operation potential plateau when they are
charged/discharged at low rates such as 0.5C and 3C (Fig. 4a).
However, with the increase of rate, the potential plateau of pristine
LTO becomes shorter and gradually bends down to almost zero
level; but that of LTOeTiN-2B electrode still remains flat even at
a high rate of 20C (Fig. 4b). This is because, at an increased rate, the
polarization of pristine LTO is increased in the absence of ball-
milled TiN powder. The potential difference of the two electrodes
is comparatively shown in Fig. 4c where the difference between the
charge and discharge plateau potentials can reflect the degree of
polarization of the electrode. The potential differences for
LTOeTiN-2B electrode are much smaller than those of pristine LTO
electrode at all discharge rates from 0.5C to 20C. This again indi-
cates that the ball-milled electrode has lower polarization and
better reaction kinetics, due to improved electrical conductivity
Fig. 4. Charge/discharge curves of (a) pristine LTO and (b) LTOeTiN-2B. (c) Comparison of th
curves of (A) pristine LTO and (B) LTOeTiN-2B at 0.5C.
and lithium ion diffusion of the mixture of LTO and TiN powder
during high-energy ball-milling. In addition, a comparison of the
first discharge/charge curves of pristine LTO and LTOeTiN-2B
electrode at 0.5C (Fig. 4d) demonstrates that, aside from the two-
phase insertion reaction, single-phase insertion reaction of Li4þd-

Ti5O12 (or Li7�gTi5O12) takes place at the beginning (or end) of the
discharge curve; and LTOeTiN-2B electrode has a broadened single
phase region than pristine LTO electrode, possibly due to the
formation of locally modified amorphous TiN near to the surface of
LTO. Considering that the main contribution of single phase to the
rate performance should be not only the improved electronic
conductivity but also the improved ionic conductivity (or Li-ion
mobility) [1], we suppose that the improved rate performance of
LTOeTiN-2B electrode as comparedwith LTO electrode is attributed
to the formation of amorphous TiN on the surface of LTO leading to
improved electronic conductivity.

Fig. 5a shows the rate performance of pristine LTO and various
ball-milled LTOeTiNmixtures. It can be seen that all the ball-milled
LTOeTiN samples possess better rate performance than pristine
e charge/discharge plateau potential difference. (d) Comparison of the charge/discharge



Fig. 5. (a) Rate performance of various electrodes and (b) cyclic performance of pristine LTO and LTOeTiN-2B electrodes at 10C.
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LTO within the tested rate range. At a low current density of 0.5C,
the specific capacities of the ball-milled samples are similar to that
of pristine LTO; but the specific capacity of pristine LTO fades
rapidly with increasing rate. Different from LTO, all the ball-milled
samples show excellent rate-capability even at a high charge/
discharge current density of 20C; and in particular, sample
LTOeTiN-2B possesses the maximum specific capacity of
130 mA h g�1, which is 10 times as much as that of pristine LTO and
the high rate performance is also superior to carbon-coated
Li4Ti5O12 (Fig. 5a), which pristine LTO prepared by the similar
conductions. This can also be attributed to amorphous TiN (with
ametallic conductivity as much as 1�106e4�106 Sm�1, far higher
than that of graphite carbon) formed on the surface of Li4Ti5O12
[29]. The specific capacity of sample LTOeTiN-2B at 20C is not only
much greater than that of TiN-coated spinel LTO nanostructures
measured at lowered rate (3e10C) [27e29] but also greater than or
at least comparable to that of previously reported carbon-modified
Li4Ti5O12. For example, Li4Ti5O12/graphene hybrid materials have
a specific capacity of 130 mA h g�1 at 20C [41], carbon-coated
nanosized Li4Ti5O12 has a specific capacity of 126 mA h g�1 at
20C [42,43], and multi-walled carbon nanotube@Li4Ti5O12 coaxial
nanocables have a specific capacity of 123.6mA h g�1 at 20C [44]. In
the meantime, sample LTOeTiN-2B has a capacity retention rate of
75% at 20C as compared with the capacity at 0.5C as a standard.
Fig. 5b shows the cycle behavior of LTOeTiN-2B electrode as an
example. It can be seen that the electrode has a stable cycle life and
the capacity retention of 85% after 1000 cycles at high charge/
discharge rate of 10C; and its columbic efficiency is approximately
100% throughout the cycling, which means that the lithium inter-
calation and release are well reversible.
Fig. 6. Cyclic voltammograms of (a) pristine LTO and (b) LTOeTiN-2B.
The cyclic voltammograms of LTO and LTOeTiN-2B are shown in
Fig. 6. One pair of cathodic/anodic peaks is observed for both
samples, corresponding to a cathodic and anodic process. More-
over, no other redox peaks are observed in the cyclic voltammo-
grams, which indicates that the incorporation of TiN power does
not change the electrochemical reaction process of LTO in the tested
voltage range. Table 1 presents the position and peak current ratio
of oxidation and reduction peaks of various electrodes determined
by cyclic voltammograms. Pristine LTO shows a cathodic peak
around 1.48 V and an anodic peak around 1.66 V, corresponding to
Li intercalation and deintercalation; and the difference between the
cathodic and anodic peak potentials is about 0.18 V. After being
ball-milled together with TiN power, the difference between the
cathodic and anodic peak potentials of various ball-milled
Li4Ti5O12/TiN electrodes is reduced. The potential difference
between anodic and cathodic peaks can reflect the polarization
degree of the electrodes. Particularly, electrode LTOeTiN-2B shows
the lowest potential difference among the tested ball-milled
Li4Ti5O12/TiN electrodes, meaning it is most weakly polarized;
and its ratio of anodic peak current (Ipa) to cathodic peak current
(Ipc), Ipa/Ipc, is nearly equal to 1 (0.99). This demonstrates that Li ions
intercalate and deintercalate reversibly in the redox system which
remains in equilibrium throughout the potential scan, corre-
sponding to the excellent rate capability of the ball-milled samples.

To clarify why the ball-milled samples deliver weak electro-
chemical polarization, we applied alternating current EIS technique
to examine the kinetic process of the electrode reactions. Fig. 7
shows the impedance spectra of LTO electrode and ball-milled
Li4Ti5O12/TiN electrodes during discharging to 1.0 V at room
temperature. The Nyquist plots of all tested electrodes show
a semicircle at the high frequency region and a sloping line at the
low frequency region. The impedance plots were fitted using the
equivalent circuit model (the inset in Fig. 7; where R0 corresponds
to the ohmic resistance of the cell mainly contributed from the
electrolyte and electrode, and it is obtained from the high
frequency intercept of the semicircle with the real axis; Cd and Rct
represent the double-layer capacitance and charge-transfer
Table 1
Position and peak current ratio of oxidation and reduction peaks of various
electrodes.

Sample Position of peaks/V Potential
difference DV

Peak height
ratio Ipa/IpcOxidation Reduction

LTO 1.66 1.48 0.18 1.06
LTOeTiN-1B 1.65 1.51 0.14 0.96
LTOeTiN-2B 1.64 1.52 0.12 0.99
LTOeTiN-4B 1.65 1.51 0.14 1.07
LTOeTiN-8B 1.64 1.52 0.12 1.07



Fig. 7. Electrochemical impedance spectra of various electrodes. The red line is the
fitting results. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 8. Graph of Z0 plotted against u�1/2 at low frequency region for pristine LTO and
ball-milled electrodes.
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resistance, corresponding to the semicircle at medium frequency;
and Zw is the Warburg impedance arising from the semi-infinite
diffusion of Liþ ions in electrode, corresponding to the inclined
straight line in low frequencies). The impedance parameters R0 and
Rct of all electrodes, derived using equivalent circuit model, are
listed in Table 2. It can be seen that the fitted data are in good
agreement with the experimental ones. The lithium-ion diffusion
coefficient (D) is calculated according to the following equation
[45]:

D ¼ R2T2=2A2n4F4C2s2 (1)

where R is the gas constant, T is the absolute temperature, A is the
surface area of the electrode, n is the number of electrons trans-
ferred in the half-reaction for the redox couple, F is the Faraday
constant, C is the concentration of Li ion in solid, and s is the
Warburg factor which is obtained from the slope of Z0 vs. reciprocal
square root of frequency in the low-frequency region (u�1/2; as
shown in Fig. 8). The lithium diffusion coefficients (D) for pristine
LTO and ball-milled Li4Ti5O12/TiN electrodes were calculated from
the results shown in Table 2. Ball-milling-induced TiN and Li3N
have different influences on the electrochemical performance.
Namely, similar to metals, TiN possesses good electrical conduc-
tivity and can reduce the interfacial charge transfer resistance; and
Li3N has high ion conductivity and is conducive to diffusion and
transmission of lithium ions in the electrode. As can be seen clearly
in Table 2, high-energy ball-milling leads to greatly decreased
charge transfer resistance and increased lithium diffusion coeffi-
cients, due to ball-milling-induced formation of amorphous TiN
with high electrical conductivity on the surface of Li4Ti5O12 and
generation of Li3N phase with good lithium ion conducting ability.
Thus we suppose that the present approach can be well applied for
facile and scalable production of Li4Ti5O12/TiN nanocomposites
with significantly improved electrochemical performance.
Table 2
Impedance parameters derived using equivalent circuit model and lithium diffusion
coefficient D for pristine LTO and ball-milled electrodes.

Sample R0 (U) Rct (U) D (cm2 s�1)

LTO 6.1 51.1 0.64 � 10�12

LTOeTiN-1B 2.5 23.6 2.3 � 10�12

LTOeTiN-2B 3.7 11.0 1.5 � 10�12

LTOeTiN-4B 2.1 36.8 1.1 � 10�12

LTOeTiN-8B 2.5 34.7 1.2 � 10�12
4. Conclusions

Li4Ti5O12/TiN nanocomposites with different compositions have
been prepared by high-energy ball-milling of the mixtures of
Li4Ti5O12 and TiN powder with different mass ratios. As-
synthesized balled milled Li4Ti5O12/TiN nanocomposites possess
much better high rate performance than pristine Li4Ti5O12, which is
closely related to ball-milling-induced formation of amorphous TiN
on the surface of Li4Ti5O12 and generation of Li3N phase with good
lithium ion conducting ability. Specifically, electrode LTOeTiN-2B
possesses the lowest cathodic and anodic peak potential differ-
ence; and it shows the maximum specific capacity of 130 mA h g�1

even at high charge/discharge rate of 20C and a capacity retention
of 85% after 1000 cycles at charge/discharge rate of 10C, showing
promising application as an anode material for high-rate lithium
ion batteries.
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