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a b s t r a c t

During the charge-discharge of the LiNi0.5Mn1.5O4 (LNMO) cathode in Li-ion batteries, Ni2þ and Mn2þ

dissolve in the electrolyte to cause oxidative decomposition, which is the major cause for fast capacity
fading and poor cycle performance. Reducing the direct contact area between the cathode material and
the electrolyte is a direct solution to improve the cell performance. This paper focuses on a solvothermal
method to coat the surface of LiNi0.5Mn1.5O4 hollow microspheres with TiO2 followed by TiO2 conversion
into Li4Ti5O12 (LTO) using LiOH$H2O. The Li4Ti5O12 coating layer synthesized by this method demon-
strates epitaxial growth on the outer surface of LiNi0.5Mn1.5O4. The LTO-coated LNMO cathode exhibits
capacity retention of 88.1% after 100 cycles at 0.5C rate, much higher than 62.2% for the bare LNMO
counterpart, at elevated temperature of 55 �C. In addition, the Liþ-ion mobility for the LTO-coated LNMO
electrode is increased.

© 2018 Published by Elsevier B.V.
1. Introduction

In recent years, lithium-ion batteries are widely used in vehicles
and portable electronics because of their high power and energy
densities [1e9]. Spinel LiNi0.5Mn1.5O4 (LNMO) cathode is widely
preferred due to its excellent structural stability, high discharge
capacity (theoretical specific capacity: 147mAh/g), high operating
voltage (4.7 V), abundance in nature, and low cost. However, the
high operating voltage of LNMO accelerates the decomposition of
the LiPF6 electrolyte and the decomposition reaction of LiPF6 in the
electrolyte will produce HF. Subsequently, Ni2þ and Mn2þ dissolve
into the electrolyte under the attack of the HF acid. Moreover, the
highly delithiated Ni4þ ions with a high concentration and strong
oxidization are present in the spinel LNMO cathode during
charging and continue to oxidize the electrolyte on the cathode
surface to form a solid-electrolyte interface (SEI) layer, which leads
to fast capacity fading and poor cycle performance [10e18].

In order to solve the above problems, a direct solution is to treat
the LNMO cathode material with a surface coating, thus reducing
294151844@qq.com (Y. Liu),
the direct contact area between the cathode material and the LiPF6
electrolyte. Previously, LNMO has been modified by surface coating
with Li4Ti5O12(LTO) [19], Li3PO4 [20], Al2O3 [21], ZnO [22], SiO2 [23],
SnO2 [24], and TiO2 [25]. Among these materials, spinel Li4Ti5O12
(LTO) is an important anode material for lithium ion batteries and
experiences no structure changes during the insertion/extraction
process of lithium ions. Thus, it is a zero-strain material with
desirable structural stability. Moreover, both LTO and LNMO share
the same spinel structure within the Fd-3m space group, which
offers good lattice match between LTO and LNMO. Finally, the
chemical diffusion coefficient of Li4Ti5O12 (10�6 cm2 s�1) [14] is
larger than that of LiNi0.5Mn1.5O4 (10�9 -10�11 cm2 s�1) [15], which
makes the diffusion of Liþ ions across the cathode faster and can
potentially increase the rate capability [26e28].

Currently, the studies on the LTO coating layer were almost al-
ways based on the traditional sol-gel technique. Because the
coating layer is thick and non-uniform, it can easily peel off from
the LNMO surface due to the fast and difficult-to-control hydrolysis
rate of tetrabutyl titanate [29,30].

In this paper, we used a solvothermal method to coat the surface
of spinel LNMO with LTO particles. The morphology, structure, and
composition of the LTO-coated LNMO samples were investigated by
X-ray diffraction (XRD), scanning electron microscopy (SEM),
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Fig. 1. XRD patterns of LNMO and LTO@LNMO.
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energy-dispersive X-ray spectroscopy (EDS), and transmission
electron microscopy (TEM). The electrochemical performance of
the surface-modified LNMO microspheres was evaluated by
charge-discharge testing, cyclic voltammetry (CV), and electro-
chemical impedance spectroscopy (EIS).

2. Experimental

LNMO hollow microspheres fabrication: First, 15mmol of
MnSO4$H2O and 5mmol of Ni(NO3)2$6H2O were dissolved in
560mL mixed solution containing anhydrous ethanol and distilled
water (in a volume ratio of 1: 1) at room temperature, which was
denoted as solution A after thorough stirring. Second, 200mmol of
NH4HCO3 was dissolved in 280mL of distilled water to form solu-
tion B after complete stirring. Subsequently, solution B was slowly
poured into solution A and stirred for 2 h. After that, precipitation
proceeded for 1 h at room temperature. After the reaction, the
spherical precursor (Ni0.25Mn0.75)CO3 was collected by filtration,
washing, and drying. Finally, the spherical precursor was decom-
posed at 400 �C for 5 h to obtain porous microspheres. Stoichio-
metric amounts of the as-prepared porous microspheres and
LiOH$H2Oweremixed in ethanol before being dried and calcined at
800 �C for 15 h in air to produce hollow LNMO microspheres.

LNMO@TiO2 microsphere fabrication: First, 0.1853 g of
Ti(OC4H9)4 was dispersed into 15mL of ethanol, denoted as solu-
tion C after stirring; 1mL of deionized water was added into 20mL
of ethanol, denoted as solution D after stirring. Then, solution Dwas
slowly poured into solution C and stirred for 30min to obtain a
transparent solution. Subsequently, 0.95 g LNMO was dispersed
into the transparent solution with ultrasonic treatment, sealed in a
Teflon reactor and maintained at 150 �C for 8 h, and stirred every
30min during the reaction process followed by centrifugation,
washing, and drying. Finally, the sample was calcined at 700 �C for
2 h in air to obtain LNMO@TiO2.

LTO@LNMO microsphere fabrication: The as-prepared
LNMO@TiO2 powder and 0.0192 g of LiOH$H2O were added into
ethanol, and the mixture was stirred until ethanol completely
evaporated out. The dry mixture was then calcined at 700 �C for 2 h
to obtain the final LTO@LNMO powder.

Powder X-ray diffraction (XRD) (7000, Shimadzu, Kyoto, Japan)
was used to analyze the phase compositions of the cathode mate-
rials. Scanning electron microscopy (SEM) (JM6700F, JEOL, Tokyo,
Japan) was used for morphology observation and transmission
electron microscopy (TEM) (H-7650, Hitachi, Tokyo, Japan) was
utilized to examine the thicknesses of the hollowmicrospheres and
the coating layer.

The as-prepared active material (LNMO or LTO@LNMO),
conductive carbon (acetylene black), and a polyvinylidene fluoride
(PVDF) binder were mixed in a weight ratio of 80: 10: 10 in an N-
methyl-2-pyrrolidone (NMP) solvent to form a slurry. The slurries
were cast on an aluminum foil and dried in a vacuum at 120 �Cfor
12 h to form the cathodes. The cathodes were compacted with
10MPa pressure and punched into 12mm disks. The mass loading
of the electrode material was 0.0020e0.0025 g. A lithium plate and
a Celgard 2400 film were used as anode and separator, separately.
The electrolyte was a solution of 1M LiPF6 dissolved in ethyl-
carbonate/dimethylcarbonate/diethylcarbonate (EC/DMC/DEC)
(1:1:1 in volume). The assembly of CR2025 type cells was carried
out in an Ar-filled glove box before electrochemical property
testing.

The cells were galvanostatically charged-discharged at various
current densities (1C¼ 147mA/g) using the Land battery tester
(CT2001A, Wuhan) in a voltage range of 3.5e4.9 V. The cyclic vol-
tammetry (CV) test was performed using electrochemical work-
station (CS350 in COM3) at a scan rate of 0.5mV/s, and
electrochemical impedance spectroscopy (EIS) was conducted with
a working frequency from 0.1 Hz to 105 Hz and 10mV perturbation
amplitude.

3. Results

3.1. Crystal structure and morphology

Fig. 1 shows the XRD patterns of the LNMO and 5wt% coated
LTO@LNMO samples. The sharp XRD patterns mean that the LMNO
powder has well-defined spinel structures with the space group of
Fd-3m (JCPDS card no. 80e2162). The peaks at 35.6�, 43.2� and
62.8� correspond to the (311), (400), (440) planes of LTO. This in-
dicates that the LTO has the spinel structure after the coating
process. Meanwhile, the LTO-coated LNMO sample has sharper
peaks, indicating that it has better crystallinity after the heat
treatment with the continuous growth of the LNMO crystals.

The morphologies of the LNMO and LTO@LNMO powders are
shown in Fig. 2. The LNMO particles in Fig. 2(a) have uniform shape
and size, in the form of ~1.5 mm spheres. There is no obvious change
in shape or size for the LNMO particles after coating LTO as shown
in Fig. 2(b). As expected, fine LTO grains grow on the surface of the
LNMO particles uniformly. The reason is that the stirring of the
solvothermal process facilitates the suspension of the LNMO par-
ticles in the ethanol solution. Ti(OC4H9)4 slowly decomposes into
TiO2 particles under high temperature and high pressure, which
uniformly grow on the surface of the LNMO particles. When the
TiO2 coating layer reacts with LiOH$H2O, TiO2 particles are con-
verted into LTO. Fig. 2(c) shows that the LNMO particles are
aggregated from ~100 nm primary particles, fine grains are uni-
formly distributed on the LNMO particles.

Fig. 3 shows the EDS pattern and the corresponding composition
distribution maps of the elements in the LTO-coated LNMO sample.
The atomic percent of Ti element is 1.43% and lower than the
theoretical value (2.61%) as showed in Table 1. This may be because
some of the LTO is not coated on the surface of the spherical par-
ticles. The EDS results also reveal uniform distribution of Ti on the
particle surface, Mn and Ni elements homogeneously distribute in
the selected region.

The TEM images of the LTO@LNMO samples are shown in Fig. 4.
The average particle size is about 1.5 mm as shown in Fig. 4(a),
consistent with the result in Fig. 3. The LNMO particles exhibit
hollow spheres in this image. Fig. 4(b) is the enlarged image of
Fig. 4(a), and the contrast difference between the LNMO particle



Fig. 2. SEM images of LNMO (a) at low magnification, (b) LTO@LNMO at low magnification, (c) LNMO at high magnification, and (d) LTO@LNMO at high magnification.

Fig. 3. EDS pattern and electron probe micro-analysis images for the Ti, Mn, Ni elements of the LTO@LNMO sample.

Table 1
EDS data of the LTO@LNMO material.

Element Weight/% Atomic/%

Ti k 2.59 1.43
Mn k 33.97 15.12
Ni K 12.14 5.05
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and the coating layer can be seenwith the dotted line exhibiting the
interface layer of the LTO@LNMO particle. The thickness of the
coating layer is estimated to be about 10 nm. To understand the
crystal structure of the coating material, Fig. 4(c) shows the high
resolution TEM image. There is a clear contrast difference between
LNMO and LTO, marked with a dotted line, and the thickness of the
coating layer is about 30 nm. The difference in contrast is due to the
interplanar distance difference since both materials have a face-
centered cubic spinel structure. The d-spacings are 0.24 nm and
0.25 nm respectively for the LNMO interior and the surface LTO
region, corresponding to the lattice fringes of the (311) planes of
LNMO and LTO, respectively. It can be inferred that LTO coats the
surface of LNMO in the form of epitaxial growth, and the LTO
coating layer has no obvious influence on the morphology and
structure of the LNMO cathode material [31].
3.2. Electrochemical performance

Room and elevated temperature cycling performance of the bare
and LTO-coated LNMO materials at current density of 0.5C and in
the voltage range of 3.5e4.9 V are shown in Fig. 5(a) and (b). As
shown in Fig. 5(a), the bare sample shows faster capacity fading,
from 126.2mAh$g�1 to 97.7mAh$g�1 after 100 cycles with the
capacity retention of only 77.4%. For the LTO-coated sample, the
discharge capacity remains at 112.8mAh g�1, and the capacity
retention is as high as 93.6% after 100 cycles. The cycling behaviors
of the uncoated and coated-LNMO electrodes under 0.5C at 55 �C
are illustrated in Fig. 5(b). Clearly, elevated temperature degrades
the cycling stability. The capacity retention rates of the bare sample
and the LTO-coated sample after 100 cycles both decrease, to 62.2%



Fig. 4. TEM images of LTO@LNMO (a) at low magnification, (b) at high magnification, and (c) HR-TEM.

Fig. 5. Cycling performances of LNMO and LTO@LNMO cathodes cycled a 0.5C at (a) 25 �C, (b) 55 �C.
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and 88.1%, respectively. Better capacity retention is observed for the
LTO-coated LNMO sample, irrespective of the cycling temperature,
which means that the LTO-coated layer can effectively prevent the
direct contact between the electrolyte and the electrode material,
reduce the side reactions on the surface of the sample and the
dissolution of the cathode material.

The rate capabilities of the bare and LTO-coated LNMO elec-
trodes at room and elevated temperatures with various C-rates are
presented in Fig. 6. With the increase of the current density, the
discharge capacities of the bare and LTO-coated LNMO electrodes
both decrease. The rapid decrease in capacity is likely due to the
high doses of Mn3þ ions in the bare LNMO. The LTO-coated LNMO
electrode has a lower capacity than the uncoated cathode at low
rates but a relatively higher capacity at high rates. From Fig. 6(a) we
can see that the samples LNMO and LTO@LNMO exhibit discharge
capacities of 134.8, 124, 115.3, 108.9, 91.2, 51.5mAh$g�1 and 130.1,
Fig. 6. Rate capabilities of LNMO and L
122.6, 114.2, 111.8, 105.4, 91.4mAh$g�1 at 0.2C, 0.5C, 1C, 2C, 5C and
10C, respectively. Compared with the bare LNMO electrode, the
capacity at 10C for the LTO@LNMO electrode is from 38.2% to 70.3%
of the capacity at 0.2C. The capacity recoveries for the bare LNMO
and LTO-coated LNMO electrode are 89.4% and 98% respectively
when the current rate is reversed from 10C back to 0.2C, showing
possible structural degradation in the bare LNMO material during
the high rate cycling because of the dissolution of the electrode
material. As shown in Fig. 6(b), the discharge capacities of the
LNMO and LTO@LNMO electrodes are both worse at 55 �C, espe-
cially at high rates. This is because the high temperature can speed
up the dissolution of the electrode materials. And the capacity at
10C for the LNMO and LTO@LNMO electrodes are 23.4% and 66% of
the capacity at 0.2C, respectively. The results illustrate that the LTO-
coated LNMO electrode has a significant advantage on the rate
capability and high temperature cycleability. Desirably, the
TO@LNMO at (a) 25 �C, (b) 55 �C.



Fig. 7. Cyclic voltammetry of LNMO and LTO@LNMO.

Table 2
Values of the CV peaks for LNMO and LTO@LNMO.

samples Fa/V Fc/V FaeFc/V

LNMO Ni2þ/Ni3þ 4.939 4.399 0.54
Ni3þ/Ni4þ 4.996 4.499 0.497
Mn3þ/Mn4þ 4.298 3.822 0.476

LTO@LNMO Ni2þ/Ni4þ 4.890 4.397 0.493
Mn3þ/Mn4þ 4.188 3.838 0.35

Table 3
Charge transfer resistance (Rct), s values and Liþ ion diffusion coefficients (DLi) for
LNMO and LTO@LNMO.

samples Rct/U s/(U/s1/2) DLi (cm2/s)

LNMO 204.6 246.76 1.15� 10�14

LNMO@LTO 150.8 125.25 8.14� 10�14
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structural degradation can be effectively suppressed with the LTO
coating layer by suppressing the decomposition of the electrolyte
and the Mn2þ in the LNMO spinel as well as offering higher Liþ-ion
diffusion.

Fig. 7 shows the cyclic voltammetry (CV) results of the bare and
LTO-coated LNMO after the 1st cycle at a scan rate of 0.5mV/s
between 3.5 and 5.0 V. The appearance of the peak near 4.1 V is
attributed to the redox couple of Mn3þ/Mn4þ. It can be concluded
that the bare and LTO-coated LNMO have a disordered spinel
structure and belong to the Fd-3m space group. In Fig. 7, the peaks
located near 4.8 V are due to the redox couples of Ni2þ/Ni3þ and
Ni3þ/Ni4þ for the bare LNMO electrode and the redox couple Ni2þ/
Ni4þ for the LTO-coated LNMO electrode. The oxidation peak splits
into two separate peaks in the Fd3m spinel because the voltage
difference between Ni2þ/Ni3þ and Ni3þ/Ni4þ redox couples is
enhanced in the nonstoichiometric spinel [32,33]. The polarization
degree can be measured by the potential difference (DF) between
Fig. 8. EIS spectra and fitting-figures (a) and Z’-u�1/2 graphs
the anodic (Fa) and cathodic (Fc), which is listed in Table 2. The
potential difference (FaeFc) of the LTO-coated LNMO electrode is
lower than that of the bare LNMO. This observation suggests that
the LTO-coated layer is beneficial to the reversible insertion/
extraction kinetics of lithium ions and can enhance the revers-
ibility. Moreover, this improvement can be ascribed to the coated
LTO on the electrode surface, which suppresses the Mn3þ ions from
dissolving into the electrolyte in the 4.1 V region.

To further investigate the effects of the LTO-coated LNMO on the
electrochemical performance, electrochemical impedance spec-
troscopy (EIS) was carried out under a fully discharged state after 1
cycle. Fig. 8 (a) shows that all the Nyquist plots have the same
shape, consisting of a semicircle and a linear slop. The slope at low-
frequency is due to theWarburg diffusion, which is the resistance of
Liþ diffused into the active material. The semicircle at high-
frequency indicates the charge transfer resistance (Rct) during the
electrochemical reaction. Based on the fitting results of the Nyquist
plots through the ZView software, the Rct of LNMO and the LTO-
coated LNMO are 204.6U and 150.8U, respectively, as shown in
Table 2, indicating that the LTO coating can decrease the charge
transfer resistance. This is believed to result from the LTO coating,
which can suppress the reaction between the cathode surface and
the electrolyte during cycling.

The Liþ ion diffusion coefficient (DLi) can be calculated from the
following equations [34e36]:

DLi ¼ 0:5
�

RT
An2F2sC

�2

(1)

Z
0 ¼ Re þ Rct þ su�1=2 (2)

C ¼ n=V ¼ ðm=MÞ=V ¼ ðrV=MÞ =V ¼ r=M (3)

where R is the gas constant (8.314 J/(mol$K)), T is the temperature
(298 K), A is the surface area of the electrode (A¼ 2pr2¼1.13 cm2),
n is the number of electrons per molecule during oxidation (n¼ 1),
F is the Faraday's constant (96500C/mol), C is the molar concen-
tration of Liþ ions and can be calculated from the density and the
molecular weight of the materials (CLNMO¼ 0.0063mol cm�3,
in low-frequency region (b) of LNMO and LTO@LNMO.



Fig. 9. Model of LTO@LNMO (a) Coating structure (b) epitaxial growth structure.
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CLTO@LNMO¼ 0.0046mol cm�3), and s is the Warburg factor. The Z’-
u�1/2 plots of the LNMO and LTO-coated LNMO cathodes are pre-
sented in Fig. 8 (b), from which the values for s are obtained. Thus,
we can obtain the values for Liþ ion diffusion coefficient (DLi), as
listed in Table 3. It can be seen that the Liþ ion diffusion coefficient
for the LTO-coated LNMO electrode (8.14� 10�14 cm2/s) is higher
than that of the LNMO electrode (1.15� 10�14 cm2/s), indicating
that the LTO-coated LNMO electrode has higher Liþ ion diffusion
mobility than the bare LNMO electrode, which could partly explain
the higher rate capability of the LTO-coated samples.

Based on the EIS analysis, it can be concluded that the LTO-
coated LNMO cathode material exhibits lower charge transfer
resistance and larger Liþ diffusion coefficient, implying its better
electrochemical performance.
4. Discussion

The model for the LTO@LNMO particles can be shown in
Fig. 9(a). During the charge-discharge process, the decomposition
reactions of LiPF6 in the electrolyte are:

LiPF6/LiF þ PF5 (4)

PF5 þ H2O/POF3 þ 2HF (5)

POF3 þ 3H2O/H3PO4 þ 3HF (6)

The decomposition of the electrolyte produces HF, and the LTO
coating layer can prevent the direct contact between the cathode
material and HF and reduce the scavenging of HF on the host ma-
terial, suppressing the dissolution of Mn and Ni. As a result, the
capacity fading caused by the dissolution of the cathode during the
charge�discharge process can be effectively slowed down [37].
Meanwhile, the rate capability of the LTO@LMNO sample is
increased because of the much higher Liþ-ion mobility in LTO. The
epitaxial growth of LTO along the (100) plane of the cathode ma-
terial is shown in Fig. 9(b). The specific process can be understood
as follows. TiO2 powders are dispersed homogeneously on the
surface of the LNMO particles during the solvothermal pre-coating
treatment. Some Liþ ions on the surface of the LNMO particles
diffuse into the interface layer, and TiO2 is converted into the LTO
interface layer by reacting with Liþ. Moreover, LTO shares the same
spinel structure with LNMO. The lattice parameters for LTO and
LNMO are 8.3588 and 8.1730 Å, respectively and the lattice
mismatch between LTO and LNMO is small. The Ti in LTO combines
with the O in the host material LNMO to form the TieO bond, Ni
and Mn in the host material LNMO combines with the O in LTO to
form the MneO bond and NieO bond. Thus, an epitaxial transition
layer is formed. When mixed with LiOH, LTO is formed after
annealing [27].

5. Conclusions

A homogeneous Li4Ti5O12 epitaxial coating layer on
LiNi0.5Mn1.5O4 surface was successfully synthesized by a sol-
vothermal method. The Li4Ti5O12 coating was utilized to improve
the electrochemical performance of spinel LiNi0.5Mn1.5O4 cathode
materials, including cycling stability and high temperature cycle-
ability, without changing the crystal structure of the LiNi0.5Mn1.5O4

electrode. By the CV and EIS analyses it shows that the Li4Ti5O12
coating layer can suppress the reaction between the cathode sur-
face and the electrolyte and benefit the reversible insertion/
extraction kinetics of Liþ ions, subsequently leading to smaller
polarization degree, lower charge transfer resistance and higher
lithium ion diffusion coefficient.
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