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ABSTRACT: By using a novel coating approach based on
the reaction between MC,0,-xH,0 and Ti(OC,H,),, a
series of nanoscale Li,TiO5-coated LiMO, nanobelts with
varied Ni, Co, and Mn contents was prepared for the first
time. The complete, thin Li,;TiO; coating layer strongly
adheres to the host material and has a 3D diffusion path
for Li* ions. It is doped with Ni** and Co’* ions in
addition to Ti*" in LiMO,, both of which were found to
favor Li*-ion transfer at the interface. As a result, the
coated nanobelts show improved rate, cycling, and thermal
capabilities when used as the cathode for Li-ion battery.
T o meet more demanding requirements for storage and
utilization of clean energy, Li-ion batteries have been
urged for lower cost, faster charging/discharging rate, higher
capacity, lon§er cycling life, and better environmental
benignancy.'™® Layered lithium-mixed transition metal oxides,
LiMO, (M = Nj, Co, Mn) have been regarded as prospective
alternatives for LiCoO, toward better Li-ion batteries, due to
their unique properties including high energy density, good
cycling stability, low cost, and low toxicity.7_12 Nevertheless,
there remain challenges for LiMO, materials. First, the intrinsic
low Li*-ion conductivity of LiMO, prevents the improvement
of high rate capability. Second, the instability of de-lithiated
phase of LiMO, in organic electrolyte causes safety issues and
capacity fading due to the high reactivity of Co* and Ni*".
Coating with electrochemically inert oxides and phosphates has
been an important and efficient approach to enhance the
electrochemical performances of LiMO,."*”"” However, coat-
ing materials are generally unfavorable for both Li*-ion
conduction of cathode materials and interfacial charge transfer
of the electrode, not only because they behave as insulators for
Li*-ion conduction, but also because they increase Li*-diffusion
length resulting in deterioration of electrochemical perform-
ance.

Monoclinic Li,TiO3, a layered material similar to Li,MnOj,
has the interlamellar (002) d-spacing value of 0.480 nm which
matches well with (003) d-spacing of LiMO, (0.468 nm).
Li,TiOj; is electrochemically inert in a wide voltage range with
excellent structural stability in organic electrolyte."”** More
importantly, Li,TiO; has a three-dimensional path for Li*-ion
diffusion, in which Li*-ion milgration can take place in (003)
plane and along ¢ direction.”" It has been reported that the
ionic conductivity of Li,TiO; would increase when doped with
aliovalent ions.**** In this regard, it is possible that a thin,
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complete and doped Li, TiO; coating layer can help to improve
the rate capability as well as the cycling stability of LiMO,
materials, which will be significant to the performance
improvement of various cathode materials.**~>¢

As to the coating route, traditional approaches such as
mechanical mixing, sol—%el, and atomic deposition methods
have been developed.”’~* However, these methods cannot
establish a uniform, complete, robust and controllable coating
layer on the host materials. Specifically, with mechanical
method it is difficult to build a complete coating layer on the
host materials, because the coating particles distribute randomly
on the surface of the host materials. For sol—gel method, the
thickness of the coating layer is difficult to be uniform due to a
similar reason. Finally, for all these methods the coating layers
are formed by post-coating routes under a relatively low
temperature, resulting in the weak bonding between the host
and the coating layer.

Toward better surface-modified cathode materials, we
prepared a series of surface-Li,TiO5rich LIMO, (M = Nj,
Co, and Mn) nanobelts (Ni:Co:Mn = 8:1:1, 6:2:2 and 4:3:3 in
molar ratio) with Ti:(Ni+Co+Mn) = 5:100 in molar ratio. We
used a novel and general coating approach, in which a robust,
uniform, and complete nanoscale Li,TiO; layer doped with
Co’" and Ni** ions has been achieved. The synthetic approach
of the nanobelts consists of two steps, in which TiO,-coated
MC,0,xH,0 nanobelts were prepared first, and then the
nanobelts were lithiated to give the coated product (Scheme 1).

Scheme 1. Two-Step Approach for Surface Li,TiO;-Rich
LiMO, Nanobelts
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Mixed metal oxalate nanobelts were chosen as the precursors,
not only due to their 1D nanobelt structures, but also because
their dehydration reaction can occur at around 150 °C (see
TGA curves in Figure SIla). The uniform TiO, coating of
MC,0,xH,0O nanobelts was based on a smart approach, in
which highly reactive Ti(OC,H,), reacts with H,O molecules
released by the nanobelts at 150 °C under solvothermal
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condition, forming a uniform coating layer on the surface of the
nanobelts. The products (denoted as Ti811, Ti622, and Ti433)
obtained from calcination at 800 °C (the optimized temper-
ature range for layered oxides) match with identical a-NaFeO,
layered structure with clear (006) and (012) peaks around 38°
(Figure 1a).>° It should be noted that no peaks corresponding
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Figure 1. (a) XRD pattern of a series of coated LIMO, products. (b—
d) SEM images of Ti811 (b), Ti622 (c), and Ti433 (d) nanobelts.

to monoclinic Li,TiO; could be found, presumably due to the
low loading content and the formation of layered Li-
[Ni,Co,Ti,]O, domains in the surface layer of Li, TiO,>" By
increasing the Ti:(Ni+Co+Mn) content to 15:100 for Ti433
nanobelts, characteristic peaks for monoclinic Li,TiO; around
20.82° began to appear (Figure SI2). This may demonstrate
that Li,TiO; was formed during the calcination with
stoichiometric Li salt, though it was not detectable with
Li,TiO;-coated samples with Ti:(Ni+Co+Mn) = 5:100 by
XRD. Also, it should be noted that Ti*" ions enter into the
layered structure as doping ions, which is indicated by the
increase of lattice parameters for coated materials (Table SI1).

The prepared Ti811, Ti622, and Ti433 materials show the
1D nanobelt structure under SEM in Figure 1b—d. It is
remarkable that the 1D morphologies for all coated and pristine
materials have survived through the calcination at 800 °C
(Figure SI3). The nanobelts composed of about 100 nm
primary nanograins are approximately 15 ym in length, 1.5 ym
in width, and 100 nm in thickness, with a length/thickness ratio
of 100. The one-dimensional nanostructure, and porous
structures due to the considerable weight loss during
calcination, would both benefit the rate performance.z’z’3
Also, the coated nanobelts show negligible improvement in
specific surface area over the pristine materials. Taking the
Ti433 and pristine 433 samples as the example, the BET surface
areas are 6.22 and 5.89 m’g™' respectively, with about 5%
difference.

For further characterization, Ti433 nanobelts were selected
as the representative for the three nanobelts. The polycrystal-
line Ti433 nanobelt is composed of nanograins under high-
resolution transmission electron microscopy (HRTEM)
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(Figure 2a). In selected-area electron diffraction (SAED) in
Figure 2b, the bright diffraction spot with a 0.47 nm d-spacing
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Figure 2. (a) HRTEM images of Ti433 nanobelts; insets show SAED
and lattice fringes. (b) High-angle annular dark-field scanning TEM
(HAADF-STEM) of T433 sample. (c—f) Elemental mapping results of
Co (c), Ni (d), Mn (e), and Ti (f). (g) XPS spectra for Co, Ni, Mn,
and Ti elements of Ti433 nanobelts. (h) CO-TPR profiles for coated
LiMO,, pristine, and reference Li,TiO;.

is ascribed to the (003) facet of LIMO,. Elemental mapping for
Ti, Mn, Co, and Ni in Figure 2c—f shows that the elements
uniformly distribute in the selected region of the Ti433
nanograin, indicating that the obtained materials were
uniformly coated.

To address the Li,TiO; coating layer, surface-sensitive
characterizations have been applied. In a similar case, the
complexity of structure of the (1—x)LiMO,«xLi,MnO; has
been investigated via convergent beam electron diffraction and
Li” MAS NMR.*® However, these methods are not appropriate
for the characterization of the coating layer on nanostructures.
Instead, X-ray photoelectron spectroscopy (XPS) has been
used to determine the surface content of elements (Figure 2g),
because only photoelectrons from atoms neighboring to the
interface within 8—10 nm are collected by XPS.** By XPS
characterization, the valences are determined to be 3+, 2+, 4+,
and 4+ for Co, Ni, Mn, and Ti, respectively.>> More
importantly, the elemental quantification result of XPS
indicates a Li,TiO5rich coating layer on LiMO, nanobelts
(Table 1). Further calculations have been performed for a
better understanding of the coating layer (see details below
Figure SIS). The maximum thickness is estimated to be 9 nm.
Considering the loss of Ti on surface due to its penetration into
the bulk, the actual thickness would be thinner. In particular,

Table 1. Atomic ratio of Ti to (Ni+Co+Mn) of Ti433
Determined from XPS and from Precursor Applied in the
Synthetic Process

XPS
23:(32+46+22)

starting ratio

Ti:(Ni+Co+Mn) 5.0:(30+40+30)
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the contents of Co** and Ni** ions calculated from XPS which
are higher than the bulk values indicate the doping of Co®" and
Ni** ions into the surface Li,TiO;. As a result, the coated
nanobelts are described as surface-Li, TiO5-rich nanobelts, with
Li[Ni,Co,Ti,,,]O, domains at the surface layer.

This unique coating layer indicates a strong interaction
between Li,TiO; and the host structure. It brings more benefits
than traditional coating layers. First, the coating-host structure
is strengthened, which is essential for the long-term structural
stability and cycling capability. Second, enhanced Li* ionic
conductivity of doped Li,TiO; is expected. When doped with
aliovalent ions, Li*-ion vacancies will be increased. It reduces
the repulsion of Li*—Li* ions, which is in favor of fast Li*-ion
intercalation/de-intercalation of the LiMO, structure.”>*?
Therefore, enhanced rate performances of coated nanobelts
are expected.

Another surface-sensitive method, carbon monoxide temper-
ature programmed reduction (CO-TPR), was also used to
address the coating uniformity of the nanobelts (Figure 2h).
For Ti433 and its counterpart, the peak temperature shifted to
614 °C with low peak intensity after coating, and the original
peak at 556 °C completely disappeared. The CO-TPR result
indicates that a complete coating has been achieved via the
synthetic approach. In addition, the reactivity of surface O*~
with CO has been suppressed due to the inactive Li,TiO; layer,
which will help to protect the di-lithiated materials from
reacting with the organic electrolyte.

To determine the influence of coating layer on electro-
chemical performance of LiMO,, electrochemical tests have
been carried out under 0.5-10 C (1 C = 140 mA/g) in the
voltage range of 3.0—4.3 V at 25 and 55 °C (Figure 3a,b). The
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Figure 3. (ab) Rate performance of coated and pristine LiMO,
nanobelts under 25 (a) and 55 °C (b). (c) Nyquist plots for Ti433 and
433 nanobelts after cycling, with the equivalent circuit as the inset. (d)
Capacity-cycling plots for the two series of nanobelts.

electrochemical performances of the Li,TiO; coated LiMO,
nanobelts show inspiring rate capability as well as thermal
stability than the pristine counterparts. Taking Ti433 and 433
nanobelts as the example, Ti433 sample takes the capacity
advantage of 25% under 10 C at 25 °C. This is compared to the
433 counterpart, which are 88 and 70 mAh/g, respectively.
When the temperature is set at 55 °C, the capacity for pristine
nanobelts declines mainly due to the capacity fading, while the
coated material delivers larger capacity for improved Li*-ion
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conductivity. The difference at 55 °C becomes dramatically
larger, reaching 103 and 61 mAh/g, respectively. These
conclusions also hold for Ti811 and Ti622 with their
counterparts, with even larger differences. It should be noted
that, when cycling under S5 °C, the Ti433 nanobelts exhibit a
better rate performance than 811 showing the advantage of the
coated materials. Furthermore, an obvious difference in
resistance between the coated and pristine materials has been
revealed by electrochemical impedance spectroscopy (Figure
3c). The Nyquist plots of both materials observe the same
equivalent circuit. In particular, the charge transfer resistances
for the coated LiMO, are much smaller than those for the
uncoated materials (Table SI 2). This observation indicates that
Li,TiO; layer effectively reduces the barrier for Li*-ion transfer
at the electrode—electrolyte interface. The outstanding rate
performance as well as the reduced charge transfer resistance of
coated nanobelts is attributed to the unique coating layer of the
nanobelts, the three-dimensional path for Li*-ion migration and
the aliovalent ion doped structure of Li,TiO;. These features
improve the velocity of interfacial Li*-transfer processes,
enhancing the rate capability of the coated nanobelts.

Coated nanobelts also exhibit better capacity retention than
the pristine nanobelts when cycling at 2 C (Figure 3d, Table SI
4). This is ascribed to the suppression of side reactions with the
electrolyte, which protects the LiMO, materials form
dissolution into the electrolyte. In addition, doping of Ti*"
also helps to improve the structural stability, while the effect on
the rate enhancement is limited as the differences in Li*-ion
diffusion coefficients for coated and uncoated samples are
minor (Table SI3). Due to this reason, the Li,TiO;-coated
nanobelts could be capable for cycling under higher cutoff
voltage, which will increase the capacity that material deliver.

In conclusion, a series of 1D surface-Li, TiO;-rich LiMO, (M
= Nji, Co, and Mn) nanobelts have been prepared by a smart
and versatile coating approach. The prepared nanobelts exhibit
impressive rate capability benefiting from the coating layer. The
Li,TiOj5-rich surface layer has been demonstrated via XPS and
CO-TPR methods. It is found that (1) Li,TiOjrich layer
covers the surface layer completely; (2) it is well diluted by the
LiMO, host structure, which strengthens the bonding between
the coating layer and host material; (3) Li,TiO; is doped by
Ni** and Co® ions, which will benefit the ionic conductivity;
and (4) the coating layer stabilizes host LIMO, structure from
CO reduction, which indicates the suppression of coated
materials to the electrochemical side reactions at high voltage.
Finally, impressive rate performances as well as cycling and
thermal stability have been demonstrated for Li,TiOj-rich
LiMO, nanobelts, due to the Li,TiO;-rich surface. The inert
and uniform Li,TiO;-rich surface doped with Ni** and Co*,
and the 3D path for Li*-ion diffusion, are proposed as the
reasons for the inspiring enhancement of electrochemical
performances.
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