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ABSTRACT: Spinel lithium titanate (Li4Ti5O12, LTO) is applied
as an epitaxial coating layer on LiMn2O4 hollow microspheres
(LMO) through solvothermal-assisted processing. The epitaxial
interface between LTO and LMO can be clearly observed by high
resolution transmission electron microscopy (HR-TEM) and high
angle annular dark field scanning transmission electron micros-
copy (HAADF-STEM) with atomic resolution images. The
epitaxial coating cathode (EC-LMO@LTO) exhibits an excellent
cyclability, thermal and rate capability for LIBs cathode due to the
complete, thin LTO coating layer with strong adhesion to the host
material. In addition, the small structure mismatch and high Li+-ion mobility of LTO can be beneficial to forming an efficient
tunnel for Li+-ion transfer at the interface. It is suggested that EC-LMO@LTO can be recognized as a promising cathode material
in electric vehicles (EVs) and plug-in hybrid electric vehicles (HEVs).
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■ INTRODUCTION

Spinel LiMn2O4 is one of the most promising cathodes for
large-scale Li-ion battery (LIB) applications in electric vehicles
(EVs) and plug-in hybrid electric vehicles (HEVs) because of
its high power density, low cost, abundant resources,
environmental friendliness and good safety.1−3 However, the
main disadvantage that restricts the use of LiMn2O4 cathode is
its fast capacity degradation during cycling, especially at
elevated temperatures (>50 °C).4,5 Substantial research has
indicated that the fast capacity fading can be attributed to Mn
dissolution into the electrolyte, the decomposition of the
electrolyte on the electrode surface and Jahn−Teller (J−T)
distortion effect of Mn3+ ions. Surface coating is recognized as
an effective approach to minimize Mn dissolution and shield
direct contact between LiMn2O4 cathode and the electrolyte for
enhancing the performance.6−18 Most of studies focused on
modifying LiMn2O4 surface with inert metal oxides (Al2O3,

7−9

ZrO2,
7,10 TiO2,

11−13 ZnO,14,15 etc.), fluorides16−18 and
phosphate.19,20 However, the weak bonding between the
coating layers and the host materials makes it possible for
part of the coating layer to peel off from the electrode surface
during the charge/discharge process, resulting in deterioration
of electrochemical performance.21 On the other hand, the
apparent phase interface and large structural mismatch between
the host and coating materials lead to numerous stacking faults
and voids that can block forming a favorable tunnel for Li+-ion
diffusion.22 Furthermore, these coating materials are insulators
for Li+-ion conduction, which limits improving the rate
capability. Therefore, a new surface coating strategy and

mechanism needs to be investigated to complement the above
shortcomings.
Epitaxial coating, as a distinctive coating strategy, is mainly

applied in the semiconductor field,23,24 which is direct growth
of a thin film on the surface of the host material with the same
lattice orientation. It can lead to a dense and tight film to
effectively suppress undesirable side reactions and the
formation of voids between the host materials and the coating
layer during cycling. Besides, there is the same lattice
orientation and small lattice mismatch between the coating
layer and the host material eliminating the apparent interface of
coating layer and host material and decreasing the stacking
faults to form an efficient tunnel for Li+-ion diffusion.22

Consequently, epitaxial coating may be an ideal strategy for
improving the electrochemical performance of cathodes.
Lithium titanate (Li4Ti5O12, LTO), an important anode for
LIBs, is a zero strain material (no structural change during Li
insertion/extraction).25−28 Moreover, LTO shares the same
spinel structure with LiMn2O4. It is known the lattice
parameters for LiMn2O4 and LTO are a = 8.357 and 8.248
Å, respectively. The lattice mismatch between LiMn2O4 and
LTO is only 1.33%, which makes LTO possibly form an
epitaxial coating layer on LiMn2O4. More importantly, LTO has
a much higher Li+-ion mobility, making the diffusion of Li+ ions
to the active material more easily for improving the rate
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capability of the active material.5 In this regard, it can be
expected that a thin, complete and epitaxial LTO coating layer
can enable significantly improving the cyclability, thermal
stability and rate capability of LiMn2O4 cathodes.
In previous reports, a LTO coating layer established through

traditional sol−gel technique on the host bulk cathodes cannot
yield a thin, complete, uniform and robust coating layer, leading
to electrochemical performance dissatisfactory.29−34 Besides,
they are mainly related to LTO nanoparticles randomly
covering the surfaces of active materials. Moreover, very little
work has been done to investigate the crystallographic
relationship of the coating layer and the host material on the
sides of the interface and their effect on the electrochemical
performance.
Here, a thin LTO epitaxial coating layer is constructed on the

surface of LiMn2O4 hollow microspheres (LMO) through a
solvothermal assisted method. From high resolution trans-
mission electron microscopy (HR-TEM) and high resolution
high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) images, it is first proved that the
LTO coating layer is heteroepitaxial growth on LMO. In the
epitaxial coating material (EC-LMO@LTO), each particle
consists of a LiMn2O4 surrounded by a thin epitaxial LTO
outer layer. For the LIB cathode, the cyclability, thermal and
rate capability of EC-LMO@LTO are significantly improved
not only at room temperature but also at elevated temperatures.
The EC-LMO@LTO cathode achieves a capacity retention of
97.0% at 1 C (140 mA g−1) after 100 charge/discharge cycles at
room temperature. It delivers a discharge capacity of 110.4
mAh g−1 at a high current of 1680 mA g−1 (12 C),
corresponding to a 313% improvement in reversible capacity
compared with a bare LMO cathode under a severe test
condition of 60 °C.

■ EXPERIMENTAL SECTION
Preparation of the Samples. First, MnCO3 microspheres were

obtained through the method reported before by our group.35 The as-
prepared MnCO3 microspheres were decomposed at 400 °C for 5 h to
obtain MnO2 microspheres. Last, to obtain LMO, stoichiometric
amounts of MnO2 microspheres and LiOH·H2O were added to a
certain amount of ethanol, forming a suspension. The mixture
continued to stir until ethanol evaporated out at room temperature.
Then, the mixture was calcined at 700 °C for 10 h in air.
Coating of TiO2. 0.2 g of as-prepared LMO was dispersed into 15

mL of ethanol and then 0.02 g of Ti(OC4H9)4 was added. The mixture
was sealed in Teflon reactor and maintained at 150 °C for 5 h,
obtaining a thin amorphous TiO2 coating layer on the surface of LMO.
The precursor was annealed at 700 °C for 2 h to obtain LMO@TiO2
for comparison with EC-LMO@LTO.
Converting to EC-LMO@LTO. 0.2 g of the LMO with a thin

amorphous TiO2 coating layer was mixed with 0.002 g of LiOH·H2O
in ethanol. The mixture continued to stir until the ethanol evaporated

out at room temperature. Finally, the mixture was calcined at 700 °C
for 2 h.

Characterization. The X-ray diffraction (XRD) patterns of the as-
prepared samples were collected on a PANalytical X-pert diffrac-
tometer (PANalytical, The Netherlands) with Cu Kα radiation from
10 to 80°. Hitachi field-emission scanning electron microscopy (FE-
SEM S-4800) was used to analyze the size and morphology of the
samples. The elemental compositions were characterized using the
energy dispersive spectroscopy (EDX) (Oxford INCA, Britain). The
hollow microspheres and the coating layers were observed by
transmission electron microscopy (HR-TEM and HAADF-STEM)
(Tecnai G2 F20). X-ray photoelectron spectroscopy (XPS) was
conducted on a PHI Quanteral II (Japan) instrument and the energy
scale was adjusted based on the graphite peak in the C 1s spectrum at
284.5 eV. The data were fitted using XPSPEAK41 program. The exact
ratio of Li:Mn for LMO with amorphous titanium oxide coating layer
after the solvothermal process was calculated using inductive coupled
plasma atomic emission spectrometry (ICP-AES, ICAP-6300).

Electrochemical Tests. Electrochemical measurements were
carried out using CR2025 coin cells. The electrodes were prepared
by casting a slurry of 80 wt % the samples, 10 wt % carbon black and
10 wt % poly(vinylidene fluoride) (PVDF) binder in N-methyl-2-
pyrrolidone (NMP) on aluminum foil. Then, the foil was dried in a
vacuum at 120 °C for 12 h. The typical active material loading was
approximately 2 mg cm−2 and the electrode thickness was measured to
be 50 μm. The cells were assembled in an argon-filled glovebox (with
O2 < 1 ppm and H2O < 1 ppm) using Li metal as the counter and
reference electrodes. Celgard 2400 films were used as separators, and
the electrolyte was a solution of 1 M LiPF6 dissolved in ethyl
carbonate/dimethylcarbonate/diethylcarbonate (EC/DMC/DEC)
(1:1:1 v/v/v). The charge−discharge testing was performed
galvanostatically between 3 and 4.5 V on a LAND CT-2001A cell
test instrument at around 25 and 60 °C. The charge rates were equal
to the discharge rates. The weights of the coating layer were also
calculated within the active materials. When the charge/discharge rates
were higher than 0.5 C, a constant voltage charge step was used for 30
min after the constant current charge step to reach the predetermined
voltage. Cyclic voltammetry (CV) was conducted on IM6e electro-
chemical workstation in the potential range of 3−4.5 V (vs Li/Li+) and
at a scan rate of 0.1 mV s−1. Electrochemical impedance spectroscopic
(EIS) measurements were carried out using a two-electrode coin cells
at room temperature with an IM6e electrochemical workstation over
the frequency range between 100 kHz and 0.1 Hz and applying an AC
signal of 5 mV.

The Li+-ion diffusion coefficients calculated from EIS data according
to the following equation36

σ=D R T A F n C/2Li
2 2 2 4 4 2 2 (1)

Where DLi is the diffusion coefficient of Li+ ions, R is the gas constant,
T is the absolute temperature, A is the surface area of the positive
electrode, F is the Faraday’s constant, n is the number of transferred
electron(s) per molecule during oxidization, C is the Li+-ion
concentration in cathode material and σ is the Warburg factor,
which is obtained from the slope of Z′ vs reciprocal square root of
frequency in the low-frequency region (ω−1/2).

Scheme 1. Preparation and Coating Process of LMO, LMO@TiO2 and EC-LMO@LTO

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am504319y | ACS Appl. Mater. Interfaces 2014, 6, 18742−1875018743



■ RESULTS AND DISCUSSION
In this paper, solvothermal processing is selected to construct
the LTO epitaxial coating layer on the LiMn2O4 hollow spheres
(LMO) surfaces. Scheme 1 illustrates the coating process and
the evolution of the composite. First, LMO hollow micro-
spheres were prepared using MnCO3 as a self-template
obtained through the method reported before by our
group.35 In this process, MnCO3 microspheres are decomposed
to highly porous MnO2 at 400 °C due to the large weight lose
and release of CO2 during the heat treatment. After that, LiOH·
H2O is introduced into the pores of MnO2 driven by the
capillary force during the impregnation of MnO2 to LiOH·H2O
solution. With calcination, LMO hollow spheres can be formed.
This may result from the fusion of the pores in MnO2 and an
analogous to the Kirkendall effect, which refers to the formation
of void due to unequal direction matter flows in a diffusion
couple.35,37 During lithiation, the fast outward diffusion of Mn
atoms and the slow inward diffusion of O atoms form a hollow
cavity in the LMO microspheres.35,37 Then, a uniform
amorphous titanium oxide coating layer was deposited on the
surface of LMO by the reaction of Ti(OC4H9)4 with the trace
H2O molecules in ethanol at 150 °C, which is confirmed by
TEM. The exact ratio of Li:Mn measured by ICP-AES is
0.99:2.01 for LMO with amorphous titanium oxide coating
layer. It can be illustrated that few of the Li ions dissolve in
ethanol within the experimental error during the solvothermal
process due to the short reaction time. Last, it could be
converted into epitaxial LTO coating layer by reaction with
LiOH under 700 °C. The formation of epitaxial LTO coating
layer can be attributed to the low melting point of LiOH,
leading to the easy diffusion of Li+ ions to the amorphous
titanium oxide layer during the calcination.38 In addition, LMO
with amorphous titanium oxide coating layer also calcined in air
to obtained TiO2-coated LMO (LMO@TiO2) for comparison
with EC-LMO@LTO to examine the effect of epitaxial coating
layer on electrochemical performance.
The XRD patterns of the as-prepared samples are shown in

Figure 1. All sharp reflections reveal the as-prepared materials

are well-crystallized. All the peaks can be assigned to the cubic
spinel phase (Fd3 ̅m), corresponding well to JCPDS data (35-
0782). It should be noted that the XRD patterns of LMO@
TiO2 and EC-LMO@LTO are without any impurity phases,
attributed to the low loading content of Ti-based compounds.39

By increasing the TiO2 content to 10 wt % for the LMO@TiO2
sample, characteristic peaks for TiO2 around 27.59, 41.43, 54.51
and 56.86° begin to appear (Supporting Information, Figure
S1a). It may demonstrate that TiO2 is deposited on the surface
of LMO during the solvothermal and annealing process. When

the large loading content of TiO2 is converted to LTO by
reaction with LiOH, the XRD pattern of 10 wt % coated
LMO@LTO is the same as that of LMO. Meanwhile, the
characteristic peaks of TiO2 disappear (Supporting Information,
Figure S1b), which illustrates that the TiO2 on the surface of
LMO is all converted to LTO. This is because LTO shares the
same spinel structures with LMO having similar XRD peak
sites, which can lead to the main diffraction peaks of LTO being
superimposed by those of LMO.40

The morphologies and microstructures of LMO, LMO@
TiO2 and EC-LMO@LTO are shown in Figure 2. As it can be
seen, LMO hollow microspheres are about 1 μm in size with a
shell thickness of about 200 nm. It is clearly revealed that the
shell is aggregated from approximately 100 nm primary
nanoparticles. After solvothermal processing, a thin uniform
coating of amorphous titanium oxide deposits on the surface of
LMO, which could be observed by HR-TEM imaging
(Supporting Information, Figure S2). The thickness of the
coating layer is estimated to be about 5 nm. The size and
hollow microspheres morphology of LMO@TiO2 are all
maintained through annealing. The unique difference is that
the coating layer makes the surface of the microspheres
smoother (Figure 2b,e). When the amorphous coating layer
reacts with LiOH, the smooth surface of LMO@TiO2 is
changed to small nanoparticles, attributing to the different
expansion of TiO2 and LTO during annealing processing
(Figure 2c,f).41 In addition, the coating layers could not be
easily identified because of the thinness of the shell. The coated
samples were also confirmed by energy-dispersive X-ray (EDX)
spectroscopy. The results of EDX show that Ti-based coating
layer on the surface of LMO can be clearly observed, whereas
the prepared LMO does not exhibit any titanium (Supporting
Information, Figure S3). The element maps of EC-LMO@LTO
from EDX spectroscopy are used to ascertain the distributions
of titanium, manganese and oxygen (Supporting Information,
Figure S4). Figure S4d (Supporting Information) shows that
titanium is uniformly distributed on the surface of LMO.
Figure 3a shows a cross-section high-resolution transmission

electron microscopy (HR-TEM) image of EC-LMO@LTO. As
with epitaxial coating materials from the literature,42 the
interface between the coating layer and the host materials can
be well-identified through the different contrast of LMO and
LTO, which is distinguished by a white dashed line. The
distinct contrast and lattice demonstrate the good epitaxial
quality of LTO grown on LMO. The labeled d-spacing of 2.48
and 2.52 Å in the interior and the surface regions correspond to
the lattice fringes of the (311) planes of LMO and LTO,
respectively. Another lattice fringes marked by white arrows are
assigned to the (400) planes of LMO (2.06 Å) and LTO (2.09
Å), respectively. Figure 3b shows the fast Fourier transform
(FFT) pattern of the interface (Figure 3a), in which there are
two close well-aligned sets of cubic spots assigned to LMO and
LTO, respectively. The epitaxial relationships between the host
materials (LMO) and the coating layer (LTO) determined
from the HR-TEM and FFT images are (311)LMO//(311)LTO
and (400)LMO//(400)LTO. As shown in the HAADF-STEM
image (Figure 3c), it can be easily distinguished the epitaxial
coating layer and the host material through the distinct
contrast.21 To illustrate the variation of the composition more
clearly, the results of corresponding EDX line scans at the
interface are shown in Figure 3d. A small amount of Mn may
diffuse to the LTO layer and a small amount Ti might diffuse to
the LMO materials at the calcination temperature of 700 °C.

Figure 1. XRD patterns of LMO, LMO@TiO2 and EC-LMO@LTO.
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Figure 2. FE-SEM images of LMO (a), LMO@TiO2 (b) and EC-LMO@LTO (c). TEM images of LMO (d), LMO@TiO2 (e) and EC-LMO@
LTO (f).

Figure 3. (a) HR-TEM image of EC-LMO@LTO, showing the interface of LMO and LTO. (b) Corresponding fast Fourier transform (FFT)
pattern of panel a. (c) HAADF-STEM image of EC-LMO@LTO. (d) EDX line scan data collected at the interface through the arrow in panel c. (e−
g) HAADF-STEM images with atomic resolution of the A (e), B (f) and C (g) regions in panel c, scale bar: 5 Å.
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However, it can be clearly observed that the intensity of Mn
element is dramatically declined nearly to zero and Ti is rapidly
increased to the top value at the interface, which can illustrate
that the LMO is mainly confined to the interior region, while
LTO is only detected on the surface region. Combined with the
results of HR-TEM and STEM, it can be determined that LTO
is an epitaxial coating layer on LMO.
To clearly show the epitaxial coating layer, high-resolution

STEM with an atomic scale at the interface for EC-LMO@
LTO was measured. Figure 3e−g are the magnified STEM
images with atomic scale corresponding to the A (the coating
layer), B (the host material) and C (the interface) regions in
Figure 3c, respectively. It can be clearly observed that the atoms
are both arranged like a diamond shape in both A and B regions
which is attributed to the same cubic spinel phase (Fd3 ̅m) of
the host material and the coating layer. The unique difference is
the two different contrasts of the atoms in the two regions,
which might be due to the different atomic number of Mn and
Ti elements. The brighter ones can be assigned to Mn columns
and the less bright ones are Ti columns. In addition, the two
different contrasts also might be owing to the thickness effect.
However, the sudden contrast changes in Figure 3g (the
interface region) illustrate that the contrast difference can be
due to not the thickness effect but the different atomic number
Z of Mn and Ti elements. Furthermore, the atoms are
connected directly without any defect showing the LTO
epitaxial coating layer on the LMO host materials. The
manganese atoms are arranged like a diamond shape with
Mn columns showing two different contrasts (Figure 3f).43,44

The Mn columns at the diamond vertices show a brighter
contrast, which have an atomic density 2× that of the Mn
columns with less bright contrast on the diamond edges along
the [04-4]cubic direction. On the basis of the STEM analysis, the
epitaxially coating layer LTO is constructed on the surface of
the host material LMO with the same lattice orientation.
XPS was employed to characterize the surface element

composition and oxidation state of LMO, LMO@TiO2 and
EC-LMO@LTO. Typical XPS survey scans are shown in
Figure S5a (Supporting Information). In comparison with
LMO, the XPS patterns of LMO@TiO2 and EC-LMO@LTO
show one more peaks at binding energies of 458 and 457.81 eV,
both assigned to 2p3/2 of Ti

4+ (Supporting Information, Figure
S5b,c). Ti 2p3/2 in XPS spectrum of EC-LMO@LTO shifts to
the lower binding energy compared to LMO@TiO2, which is
attributed to the influence of lithium ions.39,40

The electrochemical properties of LMO, LMO@TiO2 and
EC-LMO@LTO were initially investigated by cyclic voltam-
metry (CV). As shown in Figure S6 (Supporting Information),
two pairs of typical redox peaks around 3.96/4.04 V and 4.10/
4.17 V versus Li metal can be clearly observed for all the
samples, suggesting that Li+ ions are extracted from and
inserted into the spinel phase in a two-step process. These are
corresponding to a two-phase transition of Li0.5Mn2O4/
LiMn2O4 and λ-MnO2/Li0.5Mn2O4 versus Li/Li

+.45 Compared
to LMO and LMO@TiO2, the CV curve of EC-LMO@LTO
shows two anodic peaks at lower potentials and two cathodic
peaks at higher potentials (Supporting Information, Table S1).
It is demonstrated that LMO with surfaces modified by LTO
can evidently diminish the polarization of LMO cathodes,
which is helpful to improve the reversibility between charge and
discharge processes. However, the peak currents for EC-
LMO@LTO are less than those of LMO and LMO@TiO2,
which may be induced by low electronic conductivity of LTO

film on the surface.5 Additionally, the cyclic voltammetry of
EC-LMO@LTO cathode from 1.0 to 2.0 V was also
investigated (Supporting Information, Figure S7). There is an
anodic peak at 1.66 V corresponding to the voltage platform of
the charge process for spinel LTO,46 which further certificates
the coating layer is LTO.
LMO, LMO@TiO2 and EC-LMO@LTO were used as the

cathodes in half coin cells for the examination of the effects of
epitaxial coating layer on the electrochemical performance of
LMO. Cells were tested in the voltage range of 3−4.5 V and the
charge rates were equal to the discharge rates. The weights of
the coating layer were also calculated within the active
materials. Figure 4a shows the first charge/discharge curves

of pristine LMO, LMO@TiO2 and EC-LMO@LTO at 0.1 C (1
C = 140 mA g−1) at 25 °C. As it can be seen, the first charge/
discharge curves all present two characteristic voltage plateaus
corresponding well to the redox peaks in the CV plots and in
consistent with other reports.6−20 The initial charge and
discharge capacities of LMO cathode are 147.4 and 129.4 mAh
g−1, respectively. The initial irreversible capacity loss (ICL) is as
high as 18 mAh g−1 and the Coulombic efficiency is only 87.8%.
For LMO@TiO2 and EC-LMO@LTO cathodes, the initial
charge capacities are 136.0 and 133.1 mAh g−1, respectively.
The corresponding discharge capacities are 124.1 and 124.4
mAh g−1, which are a little lower than uncoated LMO cathode
observed in other coated cathodes.17−19,29−34 However, the

Figure 4. LMO, LMO@TiO2 and EC-LMO@LTO cathodes cycled at
0.1 C (1 C = 140 mA g−1) in the voltage window of 3−4.5 V at 25 °C.
(a) Initial charge/discharge profiles. (b) Specific discharge capacity vs
the cycle number.
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Coulombic efficiencies rise to 91.3 and 93.5% and the ICL
values drop to 11.9 and 8.7 mAh g−1 after surface modification
by TiO2 and LTO, respectively. The irreversible capacity at the
initial cycle is owing to the formation of passivation on the
surface of the LMO, the electrolyte decomposition and the Mn
ions dissolution.29−34 Comparing with the TiO2 coating layer,
LTO epitaxial coating layer is more beneficial to the reversible
intercalation and deintercalation of Li+ ions because it can more
remarkably suppress these undesired reactions. Figure 4b shows
comparative cycling stability of LMO, LMO@TiO2 and EC-
LMO@LTO cathodes at 0.1 C at 25 °C. After 100 charge/
discharge cycles, the discharge capacity of EC-LMO@LTO
cathode still maintains 118.7 mAh g−1, which is larger than the
88.5 mAh g−1 of LMO and 102.1 mAh g−1 of LMO@TiO2. The
capacity retentions are 68.4, 82.3 and 95.4% for LMO, LMO@
TiO2 and EC-LMO@LTO cathodes, respectively, illustrating a
more stable cycle life after epitaxial coating with LTO.
When the current density increases to 1 C (140 mA g−1), the

cycling performances of LMO, LMO@TiO2 and EC-LMO@
LTO cathodes were tested at room temperature (25 °C) and
an elevated temperature (60 °C) (Figure 5a,b), respectively.
The EC-LMO@LTO cathode delivers the best cyclability and
the highest final capacity at either 25 or 60 °C. It is noteworthy
that the discharge capacity gradually increases at the first five
cycles and then decreases for the EC-LMO@LTO cathode,
which can be recognized as the activation process for gradually
opening the tunnel for the transportation of Li+ ions.30 The first
discharge capacities of LMO, LMO@TiO2 and EC-LMO@
LTO cathodes are 118.1, 113.2 and 113.8 mAh g−1 at 25 °C.
After 100 charge and discharge cycles, the discharge capacity for

EC-LMO@LTO cathode is as high as 110.4 mAh g−1, much
more than the 44.9 mAh g−1 of uncoated LMO and 83.3 mAh
g−1 of LMO@TiO2. The corresponding capacity retentions are
38.0, 73.6 and 97.0% for LMO, LMO@TiO2 and EC-LMO@
LTO cathodes, respectively. When the temperature is set at 60
°C, the discharge capacities of the LMO, LMO@TiO2 and EC-
LMO@LTO cathodes increase to 135.3, 131.8 and 132.2 mAh
g−1. As shown in Figure 5b, the capacity of LMO cathode
declines dramatically attributing to the dissolution of
manganese ions rapidly and violent reaction between cathode
and electrolyte at elevated temperature (60 °C). At the elevated
temperature, LMO and LMO@TiO2 show capacity retentions
of 28.7 and 62.6% after 100 cycles, respectively. On the other
hand, EC-LMO@LTO cathode exhibits 90.6% of capacity
retention.
The rate capability can further highlight the advantage of the

heteroepitaxial LTO coating. The comparative rate capabilities
of LMO, LMO@TiO2 and EC-LMO@LTO cathodes cycled
from 0.2 to 12 C at 25 (Figure 5c) and 60 °C (Figure 5d). At
all rates tested, except for 0.2 C, the EC-LMO@LTO cathode
exhibited the highest capacities among the three cathodes at
both temperatures. The surface modification cathode has a
lower capacity than the uncoated cathode at low rates, in
agreement with other coating samples.10,18 Under room
temperature (25 °C), the EC-LMO@LTO cathode delivers a
discharge capacity of 122.2, 117.3, 112.5, 105 and 95 mAh g−1

at 0.2, 2, 4, 6 and 12 C, respectively. The capacity at 12 C for
the EC-LMO@LTO cathode is corresponding to 77.7% of the
capacity at 0.2 C, whereas the LMO and LMO@TiO2 cathodes
only retain 38.2 (49.1 mAh g−1) and 63.3% (77.8 mAh g−1),

Figure 5. Cycling performances of as-prepared materials cycled at 1 C at 25 °C (a), 60 °C (b). Rate capabilities of LMO, LMO@TiO2 and EC-
LMO@LTO cathodes at 25 °C (c) and 60 °C (d).
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respectively. Compared to the tests at room temperature, it is
seen that LMO@TiO2 and EC-LMO@LTO cathodes exhibit
the increased discharge capacities at elevated temperature (60
°C). However, uncoated LMO cathode shows sharply capacity
fading to 26.7 mAh g−1 at 12 C with capacity retention of
19.1% compared to 0.2 C. The discharge capacities for EC-
LMO@LTO cathode at rates of 0.2, 2, 4, 6 and 12 C are 134.9,
131.7, 126.5, 120 and 110.4 mAh g−1, respectively, which is
higher than those of LMO@TiO2 cathode. Compared to the
rate capability at 25 °C, the EC-LMO@LTO cathode delivers
not only improved rate capability but also increased initial
discharge capacity at 60 °C. The increased discharge capacity
can be attributed to the thermal effect at elevated temperature.
It can generate volumetric expansion and improve conductivity
of LTO coating layer, resulting in faster Li+-ion diffusion and
electron transition at high kinetics.10 When the current density
is decreased from 12 to 0.2 C, the capacity recoveries for the
EC-LMO@LTO cathode at both temperatures are 100%,
indicating that the epitaxial LTO coating layer can effectively
minimize structural distortion at the surface of the particle.
Capacity recoveries of LMO and LMO@TiO2 cathodes are
91.0 and 96.0%, respectively, showing possible structural
degradation during high rate cycling.6

Compared to other coating LiMn2O4 cathodes,
6−20 the EC-

LMO@LTO cathode demonstrates better stable cycling life,
thermal performance and rate capability under a high cutoff
voltage, which can be attributed to the heteroepitaxial LTO
coating layer on the surface of LMO. First, the LTO coating
layer can prevent direct contact between LMO and organic
electrolyte, which can effectively reduce the side reactions (the
decomposition of the electrolyte and the scavenging of HF
from the electrolyte), suppress the tendency for Mn dissolution
and eliminate the structural distortion at the surface, especially
at elevated temperatures. Because the side reactions and the
Mn dissolution during cycling can result in deposition of
resistive components (such as LiF) on the electrode surface
suppressing the migration of Li+ ions and electron and the loss
of active materials, which may cause capacity fading. Second,
the strong adhesion to the host material of the epitaxial LTO
coating layer grown on LMO enables the structure more stable
when cycling. Conversely, the coating layer with weak bonding
maybe easily loosen up or peel off from the active material
causing the loss of pathway for Li+ ions and electron transfer.
Third, the same spinel structure and small lattice mismatch of
LTO and LMO can eliminate the phase interface and stacking
faults leading to an efficient channel for Li+-ion diffusion
comparing with usual TiO2-coated cathode as a reference. In
addition, much higher Li+-ion mobility in LTO makes the
transportation of Li+ ions to the internal active material easier.
Electrochemical impedance spectroscopy (EIS) of LMO,

LMO@TiO2 and EC-LMO@LTO was conducted to further
investigate the effect on electrochemical performances of the
epitaxial coating layer. The Nyquist plots of all samples
obtained before and after 100 charge/discharge cycles at 1 C
are displayed in Figure S8 (Supporting Information), which are
fitted by the same equivalent circuit (inset of Figure S8a,
Supporting Information) and the fitted results are listed in
Table S2 (Supporting Information). Before cycling, the EC-
LMO@LTO cathode displays the largest Re (combined
impedance of the electrolyte and cell components), which
may result from the low electronic conductivity of LTO coating
on LMO.5,17 The increase of Re values with cycling is due to
the precipitation of resistive components (such as LiF) on the

electrode surface.19 The smallest Re value after 100 cycles for
EC-LMO@LTO illustrates that the deposition of resistive
components can be largely prohibited by LTO layer. The
charge transfer resistances (Rct) for EC-LMO@LTO are much
smaller than those for the uncoated and TiO2 coated LMO,
which indicates that epitaxial coating layer can more effectively
reduce the barrier for Li+-ion transfer at the electrode−
electrolyte interface than the simple physical TiO2 coating
layer. After 100 cycles at 1 C, the values of Rct increase to
500.4, 275.5 and 178.1 Ω with the increments of 239.5, 106.8
and 55.7 Ω for uncoated LMO, LMO@TiO2 and EC-LMO@
LTO, respectively. Compared with uncoated LMO and LMO@
TiO2, the smallest Rct value and increment during insertion
and extraction of Li+ ions can be attributed to dramatically
suppressing the dissolution of manganese, protecting the active
material from reacting with electrolyte and restricting the
thickening of SEI film during the charge−discharge process by
the LTO coating layer.19 Besides, the Li+-ion diffusion
coefficients (Supporting Information, Table S3) of all three
samples calculated from EIS data according to eq 1. Among
them, the Li+-ion diffusion coefficient of EC-LMO@LTO is
about 3 times larger than that of the TiO2-coated cathode,
which further proves that epitaxial LTO coating layer can form
more efficient paths for Li+-ion diffusion. The superior rate
performance and the obviously reduced charge transfer
resistance of EC-LMO@LTO are owing to the thin unique
epitaxial coating layer on the surface, strong adhesion to host
material with the same lattice orientation and favorable tunnel
for Li+-ion diffusion.
To further confirm the good cycling stability of EC-LMO@

LTO, we opened the cycled cells and did SEM observations for
LMO, LMO@TiO2 and EC-LMO@LTO cathodes. Figure S9
(Supporting Information) shows the morphology of these
samples after 100 charge and discharge cycles at 1 C. It can be
seen that the hollow spheres of uncoated LMO split (marked
by arrows in Figure S9a, Supporting Information). The
pulverization may be attributed to the side reactions with the
cycle increasing leading to the obvious capacity decay for
uncoated LMO cathode.20 The LMO coated by TiO2 and LTO
can retain their initial hollow spherical morphology with no
evident change, supporting the better cycle performance of
LMO@TiO2 and EC-LMO@LTO than uncoated LMO.

■ CONCLUSION
In conclusion, LTO is first used as an epitaxial coating layer on
the LiMn2O4 hollow sphereical surface through a solvothermal
assisted processing. The good heteroepitaxial relationship is
confirmed by HR-TEM and STEM. The EC-LMO@LTO
cathode exhibits an impressive rate capability as well as cycling
stability, especially at elevated temperatures, benefiting from the
epitaxial coating layer. In the epitaxial coating material, each
particle consists of a LiMn2O4 surrounded by an epitaxial LTO
outer layer that leads to strong bonding with the host material.
It can effectively suppress the electrochemical side reactions on
the active materials surface. The small lattice mismatch and
high Li+-ion mobility can guarantee a favorable and fast
pathway for Li+-ion transfer. All of these results indicate that
the cathode with an epitaxial coating layer can greatly optimize
the performance to satisfy the requirements for HEVs and
other power tools. Furthermore, it is postulated that the novel
epitaxial coating strategy can be applied to design and
development of a wide range of other high performance
electrode materials.
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