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Abstract 

Spinel cathode materials consisting of LiMn2O4@Li0.34La0.51TiO3 (LMO@LLTO) 

have been synthesized by a new and facile solid-phase route in air. When used as 

cathode of lithium ion battery, the LLT01(LiMn2O4 with 20 nm Li0.34La0.51TiO3 

coating) sample tested at 1 C rate exhibits 9.2% capacity loss and 90.4% capacity 

retention after 200 cycles at 25 °C and 55 °C, respectively. The improved cycling 

performance of composites is attributed to the LLT01 coating on the surface of spinel 

particles. The polycrystalline LLTO-coated layer could provide superior ionic 

conductivity and prevent Mn dissolution in electrolyte during electrochemical cycling. 

Keywords: cathode; surface coating; solid electrolyte; lithium ion battery 

1. Introduction 

Recently, the lithium ion batteries (LIBs) are competitive power sources for hybrid 

electric vehicles (HEVs) and electric vehicles (EVs).1-3 Many studies on LIBs have 

been attempted to develop a cathode material with non-toxicity, better safety, longer 
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life, lower cost, high power density and excellent thermal stability.4-6 As one of the 

most promising candidates, spinel LiMn2O4 material has attracted much attention due 

to its lower cost and toxicity relative to LiCoO2 cathode material, and its fairly high 

discharge voltage plateau (4.1 V) compared with the working potential of LiFePO4 at 

3.45 V. The higher working potential leads to the increase of energy density. Moreover, 

the cells based on LiMn2O4 have a higher volumetric energy density over its 

counterparts.7-12 Unfortunately, the material suffers rapid capacity fading at high 

temperature, owing to Jahn-Teller effect13-15 and dissolution of Mn in electrolyte 

during cycling.16, 17 

To overcome these obstacles, two kinds of effective strategies have been 

intensively employed. One way is partially element doping in LiMn2O4.
18-21 Reddy et 

al.18 reported a series of Co and Cr doped LiMn2O4 cathode which showed 

significantly improved cycling performance and excellent rate capability. The other 

method is surface modification, which provides a shield of the LiMn2O4. For example, 

Lee et al.7 have shown a novel heterostructure LiMn2O4 with epitaxially grown 

layered surface phase, gave a discharge capacity of 123 mAh g−1 and retained 85% of 

its initial capacity at 60 °C after 100 cycles.  

In addition, various inorganic materials such as Al2O3
22, 23, MgO24, 25, ZrO2

26, 27, 

ZnO28, 29, La2O3
30, 31, NiO32, CeO2

33, Mn2O3
34, V2O5

35, carbon36, FeF3
37, AlPO4

38, have 

been widely used as surface modification materials for LiMn2O4 cathode, which 

demonstrated obviously improved capacity retention rate, as a result of the protecting 

for LiMn2O4 particles from the attack of HF.39 However, metal oxide coating material 
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has poor electronic conductivity and low Li+ diffusion rate which lead to degradation 

of electrochemical performance of spinel LiMn2O4. Therefore, it is important to 

develop a high electronic and ionic conductivity surface modification materials.40 

Solid electrolyte Li3xLa2/3-xTiO3 (LLTO) is one of the most promising coating 

materials, due to its good thermal stability and high ionic conductivity (For crystalline 

LLTO, the bulk part as high as 10-3 S cm-1 at room temperature).41 The LLTO layer 

has a greater enhanced surface intercalation reaction of lithium ions, reduced charge 

transfer resistance and contact between active electrode materials and electrolyte 

solution.42 Besides, the rate capability can be improved by the surface coated layer. 

In this work, a facile and efficient route for the preparation of core-shell 

LMO@LLTO cathode materials is demonstrated. Different from previously reported 

methods,[43,44] the surface coating of LLTO herein is achieved by a two-step synthesis 

strategy: first liquid-phase coating and second heat treatment. The LLTO coating 

samples synthesized by usual way was an amorphous phase. The approach adopted in 

this work is based on a crystalline phase LLTO synthesizing, a solid mixing with 

LiMn2O4 and subsequently solid state reaction. We hope the crystalline LLTO benefit 

to improve lithium ionic conductivity of the interface between cathode material and 

electrolyte. Significantly, the capacity retention of the cathodes was greatly improved 

during cycling at high rate and even with operation at 55 °C. 

2. Experimental 

2.1. Synthesis 

LiMn2O4 were obtained from CITIC Dameng Mining Industries Ltd. The LLTO 
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powder were prepared by the method reported before.41 For synthesis of 

LMO@LLTO samples, LLTO and LiMn2O4 powder were added into 2-propanol and 

Tween-20, followed by mixing processes (ultrasonic treatment for 2 h and ball milling 

for 6 h). The amount of LLTO in the solution was set at mass ratios of 

LLTO/LiMn2O4=1 wt%, 3 wt% and 5 wt% and the corresponding samples were 

marked as LLT01, LLT03, LLT05 respectively as well as the sample without LLTO 

marked as LLT0. The obtained gel precursor was dried at 100 °C for 24 h, and then 

calcined at 500 °C for 4 h in air to form the LLTO layer. 

2.2. Physical characterization 

The crystal structures of the pristine LMO and LMO@LLTO were examined with 

powder X-ray diffractometer (XRD) on a D/Max-2500 V/PC powder diffractometer 

equipped with Cu Kα radiation (λ = 1.5406 Å) (Rigaku, Tokyo, Japan). The scanning 

rate was 3°/min and the scanning range of diffraction angle was 10°≤ 2θ ≤90°. The 

X-ray photoelectron spectroscopy (XPS) was carried out by ESCALAB 250Xi 

(Thermo) using Al Kα radiation (1486.6 eV). The binding energies were calibrated 

with reference to the C1s spectrum at 284.6 eV. Particle size distribution were 

performed with a LS-POP (VI) laser particle size analyzer (OMEC, Zhuhai, China). 

The LLTO coating thickness was observed by transmission electron microscopy 

(TEM: JEM-2010, JEOL). The morphological features of before and after the coating 

process was observed with a scanning electron microscope (SEM: Philips, FEI Quanta 

200 FEG). Energy-dispersive spectroscopy (EDS) was obtained in conjunction with 

SEM to determine the element content of powders together with SEM in large field of 
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view. Electronic conductivity of the samples was measured by the Four-Probe method 

using a contact-type conductivity meter (Guangzhou Four-Probe Technology Co. Ltd., 

China). The samples were prepared as follows: the samples were dried at 100 °C for 4 

h in a vacuum oven. Then the dried samples were pressed under 20 MPa for 3 min to 

form a wafer with 12 mm in diameter. The molar ratio of metals (La, Li and Ti) in the 

samples and contents of Mn dissolved in electrolyte were obtained by inductively 

coupled plasmaatomic emission spectrometry (ICP-AES, IRIS Intrepid II XSP, 

Thermo Electron Corporation). 

2.3. Electrochemical measurements 

The electrochemical measurements were carried out on CR2025 coin-type cells 

using LAND CT2001A tester at 25 °C and 55 °C. For fabrication of the positive 

electrode, the 90 wt% active material (LLT0, LLT01, LLT03, LLT05) were mixed 

with  acetylene black (5 wt%) and polyvinylidene fluoride (5 wt%) dissolved in 

N-methylprrolidinone onto an Al foil and dried in a vacuum at 80 °C over for 24 h. As 

formed electrodes were then pressed at a pressure of 2 MPa and further dried at 80 °C 

for 12 h. Finally, they were cut into wafers with 1.2 cm diameter. The active material 

mass loading weight was approximately 3.5 mg per wafer. These cathodes were 

incorporated into cells with a Pure lithium foil anode, a 1 M LiPF6 electrolyte in a 

1:1:1 EC: DMC: DEC solvent (Beijing Institute of Chemical Reagents, China) and a 

thin polypropylene film used as the separator. The assembly of the 2025 type coin 

cells was carried out in an Ar-filled glove box with the content of H2O and O2 less 

than 1 ppm. The cell consists of Al current collector, two electrodes, the anode and 
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cathode, separated by an electrolyte. Solid electrodes separated by a liquid electrolyte 

are kept apart by an electrolyte-permeable separator. Galvanostatic charge and 

discharge measurements were carried out in the voltage range between 3.0 and 4.3 V 

at different C rates (1 C = 148 mA g-1). The cyclic voltammograms (CV) and 

electrochemical impedance spectroscopy (EIS) data were performed using a Zahner 

IM6 electrochemical workstation (Zahner-Elektrik GmbH & Co. KG, Germany). CV 

was made at a scan rate of 0.1 mV s−1 in the range 3.0 - 4.3 V at room temperature. 

And EIS was examined at different cycles by applying an AC voltage of 5 mV over 

the frequency range of 0.01 Hz to 100 kHz. 

3. Results and discussion 

The XRD patterns of pristine LLTO and LMO@LLTO are shown in Fig. 1. As 

shown in Fig. 1a, all of these peaks confirmed that the material belongs to the typical 

single-phase perovskite LLTO (JCPDS card no. 46-0466), with porous network 

structure in Fig. S1, Electronic Supplementary Information (ESI). The peaks in Fig. 

1b can be indexed to cubic LiMn2O4 spinel (JCPDS card no. 35-0782, space group: 

Fd3m) undisputedly, indicating the high purity of the products. Diffraction peak of 

LLTO presents clearly in LLT05 samples. Absent diffraction peaks of LLTO in LLT01 

and LLT03 samples is possible because the contents of LLTO are low to be detected. 

The coated samples do not show significant change in the lattice parameter. Lattice 

parameters of pristine LiMn2O4 and LMO@LLTO are calculated by Jade 5.0 and 

shown in Table S1 (see ESI). It is clear the lattice parameters of LiMn2O4 have no 

obvious variation, indicating main spinel structure remains unchanged after surface 

Page 6 of 26RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 7

modification. Furthermore, radius of Mn3+ (0.066 nm) and Mn4+ (0.060 nm) is much 

smaller than that of La3+ (0.106 nm), it can be inferred that if manganese ions were 

substituted by La3+, the lattice parameter of the treated sample would be obvious 

different from that of pristine LiMn2O4. Therefore, it demonstrates that the LLTO 

layer on the surface of spinel LiMn2O4, rather than incorporated into the host structure. 

In order to obtain the information of LLTO and LMO@LLTO composites particle size 

distribution, particles are measured by laser particle size analyzer and the results are 

depicted in Fig. S2. The successful coating process can be ascribed to ball milling and 

effect of surfactant which can promote particle adhesion, because the melting carbon 

in high temperature can wrap in the outer surface of pellets and combust in much 

higher temperature during oxygen atmosphere. 

To confirm LLTO coatings on the surface of LiMn2O4 cathodes, XPS is employed 

to characterize the surface elements. The XPS spectra of Mn 2p, Ti 2p and La 3d for 

LLT0 and LLT01 are given in Fig. 2. Fig. 2a and Fig. 2b show the XPS spectra for Mn 

2p of LLT0 and LLT01, respectively. The Two main peaks, which can be decomposed 

into two components (Mn2p3/2 and Mn2p1/2), are observed in the spectra for the 

LiMn2O4.
45 As shown in Fig. 2a, the observed binding energy values for Mn3+ are 

652.9 eV (Mn2p1/2) and 640.7 eV (Mn2p3/2), while those of Mn4+ are 654.1 eV 

(Mn2p1/2) and 641.8 eV (Mn2p3/2). For sample LLT01, there are no obvious peak 

shifts in binding energy values with LLTO coating, which indicates the manganese 

oxidation state in the two samples are same. The XPS spectra of La3d and Ti2p are 

given in Fig. 2c. This figure shows La3d peaks at binding energy of 836.9 eV and 
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833.0eV, which can be conformed to the La-O chemical bond of La2O3 in reference to 

the values in NIST XPS Database. As Fig. 2d displays, the Ti2p peaks around 463.6 

eV, 461.4 eV and 456.3 eV correspond to Ti4+(2p1/2), Ti3+(2p1/2) and Ti3+(2p3/2).
46 

These conclusions confirm the presence of LLTO coating on LiMn2O4 cathode, which 

can be observed to mutually agree with analysis results of XRD. 

Fig. 3 shows the morphologies of LLT0, LLT01, LLT03, LLT05 samples, 

respectively. It is clearly observed that pristine LiMn2O4 present a smooth, angular, 

and no fragment surface. While after modification, the surface becomes coarse and 

particles of LLTO-coated samples are more aggregate with increasing weight ratio of 

LLTO. The morphologies and particle diameters of pristine LiMn2O4 (Fig. 3a) are 

similar to LLT01 (Fig. 3b) in large field of view. The reason for this phenomenon may 

be LLTO coating content is too lower to be observed. In comparison, obscure particle 

surfaces and edges are exhibited in Fig. 3(c-d), and more fragments appear on the 

particle surface or among the particles with increasing LLTO coating contents. EDS 

measurement is also performed for LLT01 sample, and the images are shown in Fig. 

3e. Lanthanum and titanium can be clearly observed on the surface of the sample. 

These results indicate that the LLTO are successfully coated on the surface of 

LiMn2O4. 

All the morphological and structural characteristics details of LMO@LLTO are 

further characterized by transmission electron microscopy (TEM). The typical TEM 

and high resolution TEM (HRTEM) images of LLT0 and LLT01 are shown in Fig. 4, 

with the inset showing selected-area electron diffraction pattern (SAED). The low 
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magnification TEM micrograph indicates pristine LiMn2O4 particles have a smooth 

surface and without any attached particles (Fig. 4a). While Fig. 4b shows that 

LiMn2O4 is well covered by a thin LLTO layer roughly 15-20 nm. As shown in Fig. 4c, 

lattice fringe with width of 0.48 nm corresponds to the (111) plane. Also the 

diffraction spots, which are uniformly indexed to the planes of (311) and (400) of 

face-centered cubic LiMn2O4 structure, reveal highly crystalline phase. The LLTO 

layer is crystalline, with lattice fringes extending to the grain boundary (Fig. 4d). Only 

one diffraction fringe with lattice distance of 0.25 nm, corresponding to the d-spacing 

of the (110). The LLTO layers of the samples exhibit similar spotted patterns. It is 

likely that the LLTO diffuse into the surface and react with elements of the bare 

material such as Li and Mn due to high surface free energy of nanoparticles.47 

The initial, 50th, 100th and 200th discharge curves of LLT0 and LLT01 cycled at 1 C 

at 25 °C and 55 °C are shown in Fig. 5. It can be seen that all discharge curves 

exhibited two plateaus at about 4.1 and 4.0 V vs. Li/Li+, corresponding to two-step 

process during cycling.48 As presented in Fig. 5a, LLT0 electrode delivered a 

relatively high discharge capacity of 124 mAh g-1, while LLT01 showed a slightly 

lower capacity of 117 mAh g-1. However, LLT0 suffers remarkable capacity fading 

during subsequently cycles. As we intended, the amount of LLTO layer is 

approximate 1 wt% in these LMO@LLTO cathode materials. This concern can be 

confirmed by comparing the capacities as shown in Fig. 5a and the ESI, Fig. S3. 

Similar results can be found in Fig. 5b. It should be noted that 4.1 V platform of 

LLT01 sample shows slightly higher than that of LLT0 at 55 °C. We consider LLTO 
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layer benefits to reduce impedance of Li+ diffusion and suppress HF-induced Mn 

dissolution at elevated temperature. 

The cycle performance and rate capability of the samples tested at 25 °C and 55 °C 

are shown in Fig. 6. Fig. 6a shows the cycling performances of the LLT0, LLT01, 

LLT03 and LLT05 at a current density of 1 C in the voltage range of 3.0-4.3V. The 

beneficial effect of LLTO-coating on enhancing cycling performances can be 

observed obviously. Although discharge capacity of pristine LiMn2O4 is larger than 

that of coated samples during initial cycle, the capacity retention rates of LLT0, 

LLT01, LLT03 and LLT05 after 200 cycles are 78.6 %, 90.8 %, 83.9 % and 77.8 %, 

respectively. It demonstrates LLTO-coated LiMn2O4 are more stable in the repeated 

cycling, especially the LLT01 sample. We think that large amount of LLT coating will 

lead to more difficulty of electrolyte wetting process and few active materials. 

Considering reduced discharge capacity with increased coating amount, the optimized 

LLTO coating amount is 1 wt% upon our present study. In comparison, cycling 

efficiency of LLT0 is lower than that of the other three samples. This capacity fade 

could be a result of side reactions with electrolyte due to manganese ion. The side 

reactions are reported by previous literatures.9, 49-51 It is suggest that HF generated 

from LiPF6-based electrolyte is responsible for Mn dissolution during cycling, and the 

chemical equations as shown below:52 

LiPF6 → LiP + PF5                             (1) 

PF5 + H2O → 2HF + PF3O                       (2) 

LiMn2O4 + HF →λ-Mn2O4 + Mn2+ + LiF + H2O      (3) 
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These reactions indicate the acid is self-catalytic, and HF is regenerated by the 

reaction of water with LiPF6. At the same time, HF attacks the surface of cathode, and 

thus the Mn ions in the structure of the cathode dissolve into the electrolyte. 

Furthermore, water produced from equation (3) will promote the equation (2) which 

leads to quicken up Mn dissolution. However, the LLTO layer can effectively reduce 

direct contact between LiMn2O4 and electrolyte, thus decrease dissolution of Mn ions, 

resulting in coated LiMn2O4 with better cycle performance than that of pristine 

LiMn2O4. Cyclic performances of LLT0 and LLT01 samples at 55 °C are also 

evaluated (Fig. 6b). Before electrochemical testing, cells are put in an incubator 

chamber at 55 °C for 5 days, where it is monitored regularly. As for LLT0 sample, 

discharge capacity fades to 82 mAh g-1 at the 200th cycle with a capacity retention 

ratio of 70.8 %. In contrast, the LLT01 sample still shows 90.4 % capacity retention 

after 200 cycles. The improved cycle performance of coated electrode probably result 

from the existence of solid electrolyte LLTO layer which can effectively protect the 

LiMn2O4 particles from direct contact with the electrolyte during the long-term 

cycling.  

The rate capability highlights advantage of LLTO coatings are shown in Fig. 6c-d. 

We can find that cycle performance of LLT0 suffers fast fading in different rates, 

though it exhibits a higher discharge capacity at 0.5 C. What is more, at higher rates, 

values for pristine LiMn2O4 are much lower than those of coated samples. For 

instance, LLT01 deliver 87 mAh g-1 on average discharge at 5 C (75.4% of initial 

discharge capacity at 0.5 C), while that of the pristine electrode is 77 mAh g-1 (66.5%). 
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The results indicate LLTO layer acts as a high lithium ion conductor and clear channel 

for Li ion diffusion. Discharge capacity of LLT01 and LLT0 can be recovered to 112 

mAh g-1 and 100 mAh g-1 at 0.5 C, which with a retention of 81 % and 70 % of initial 

discharge capacity, respectively. This demonstrates LLT01 electrode has better 

electrochemical reversibility and structural stability than that of LLT0. According to 

Fig. 6d, both of the samples exhibit similar initial discharge capacity at lower C-rate 

(0.5 C). However, the data reveal LLT01 delivers obviously higher discharge capacity 

compared to LLT0 at high C-rate. For example, LLT01 retains 85 % of its full 

discharge capacity while LLT0 only retains 60% at 5C rate, which indicating 

excellent rate capability of LMO@LLTO. 

To obtain a better understanding of the advantageous effect of LLTO coating layer 

on the rate and cycle performances, CV studies were taken at a scan rate of 0.1 mV s-1 

at room temperature. Fig. 7a shows the second and fiftieth CV curves of LLT01 and 

LLT0 samples, respectively. The CV curves of both LiMn2O4 and LMO@LLTO 

electrodes reveal two sharp pairs of redox peaks, suggesting that lithium ions are 

extracted and inserted from/into the spinel phase by a two-step process. The pair of 

redox peaks at 4.09/3.96 V corresponds to insertion of Li+ into half of tetrahedral sites 

with Li-Li interaction. And the pair of redox peaks at 4.19/4.07 V correspond to 

extraction of Li+ from half of tetrahedral sites without Li-Li interaction.53 In 

comparison with the CV curves, LMO@LLTO shows two high pairs of distinct 

oxidation current peaks and reduction current peaks, demonstrating the occurrence of 

lower polarization and reversible oxidation reaction process. Furthermore, 
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high-symmetric redox peaks are still retained even after 50 cycles at 1 C rate. But for 

the pristine LiMn2O4, clear reduction of peak current densities can be found. This can 

be ascribed to the separation effect between electrolyte and active material, restraining 

manganese dissolution and improving reversibility of Li+ transport at the interface. 

Usually, electrochemical reaction of the batteries follows three steps: Li+ diffusion 

inside the electrode materials, charge transfer reaction at the interface between the 

electrode and electrolyte, and Li+ movement in the electrolyte. As shown in Fig. 7b, 

the LLTO lithium superionic conductor layer reduced the charge transfer reaction at 

the interface thus improving total Li+ ionic conductivity. This could be observed to 

mutually agree with fitting values for LLT0 and LLT01 during initial discharge-charge 

cycle by EIS. 

To explore changes of electrode/electrolyte interface during cycle, EIS 

measurements are taken at room temperature on the cells during the initial 

discharge-charge cycle. The data are collected at various voltages in the potential 

range from 4.2 to 3.0 V at 0.5 C. Since the stable cycle performance, EIS are carried 

out only on LLT01 sample. For comparison, EIS of LLT0 are also conducted. For the 

best view, Fig. 8a-d shows partial enlarge of three-dimensional Nyquist plots for the 

initial discharge-charge cycle. Details of the whole plots are shown in Fig. S4. The 

original data are fitted using two equivalent circuit models (Fig. 8e). The kinetic 

parameters are obtained by simulation, including resistance of the electrolyte (Rs), 

surface film capacitance (CPEsf) and resistance for Li+ migration through the surface 

film (Rf), charge-transfer resistance at the bulk-electrolyte interface (Rct), double-layer 
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capacitance(CPEdl).
54, 55 The inclined line in the low frequency range corresponding 

to the Warburg impedance (Zw). Generally, the semicircle of impedance spectra at the 

high frequency range is related to diffusion resistance of Li+ ions through the 

solid-electrolyte interphase (SEI) layer. The semicircle in the medium-frequency 

range indicates the charge transfer resistance.56, 57 The diffusion coefficient of Li+ ions 

(DLi+) can be calculated by the method described in Table S2. 

From Fig. 8, it can be seen that the semicircle of LLT01 is smaller than that of 

LLT0. According to the impedance values (Table S2), the fitting result of the initial 

charge transfer resistance of LLT0 is 110.8 Ω at open circuit voltage (OCV). Whereas, 

the LLT01 electrode has a Rct value of 37.69 Ω, which was almost one-third of the 

LLT0. During the discharge process, the value of Rct decreases with an increase in 

potential (Fig. 8b and Fig. 8d). A higher potential would helpful to Li+ insertion into 

the lattice. This is in accordance with results reported by Dokko et al.58
 The variation 

of DLi+ with potential are shown in Table S2. DLi+ varies within 10-11 to 10-13 cm2 s-1, 

which is closest to reported by Lu et al and Zhao et al.59, 60 The value of DLi+ decreases 

with increasing potentials. This phenomenon indicates that the amount of inserted Li+ 

has effects on diffusion process of Li+. This is in good agreement with the results 

obtained by electrochemical properties test at 25 °C. Based on the EIS results, it 

appears that he LLTO coating layer can suppress increase of charge transfer resistance 

and keep a relatively smooth passage for lithium ion diffusion on LiMn2O4 particle 

surface. 

LiMn2O4 shows severe capacity fading at elevated temperature. This is mainly 
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affected by Mn dissolution in HF-containing electrolyte.50 Therefore, it is necessary to 

address the effect of LLTO coating on Mn dissolution. Thus, ICP is employed to 

analysis the concentration of the Mn in the electrolytes after different cycles at 

elevated temperature. As Table 1 displays, Mn content in the electrolyte for LLT0 is of 

magnitude more than that for LL01. This indicates that the LLTO coating layer 

effectively suppress Mn loss into the electrolyte. Electronic conductivity of the 

cathode is also a key issue to determine the electrochemical performance of the battery. 

LLT01 shows higher electronic conductivity than that of LLT0, indicating that LLTO 

coating improve electronic conductivity of LiMn2O4. This is in consistent with the 

results of rate performance (Table S3).  

4. Conclusions 

In summary, by exploiting liquid-phase coating and calcination procedures, we 

have successfully designed and synthesized core-shell LMO@LLTO cathode 

materials that have unique properties in terms of rate capability and cycling stability. 

It exhibits a high discharge capacity of 111 mAh g-1 at 1 C and still 90.4 % capacity 

retention after 200 cycles even at 55 °C high temperature. The great improvement for 

rate and cycle performance could be attributed to high ionic conductivity and 

controllable Mn dissolution from LLTO layer. The results herein support the idea 

LMO@LLTO could be a competitive candidate cathode material for 

high-performance LIB used for HEVs or EVs. Owing to superior properties of this 

structure, we expect it will be widely used in designing other electrode materials for 

enhancing the rate and cycling capability of batteries. 
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Fig. 1. XRD patterns of (a) pristine LLTO and (b) LLT0, LLT01, LLT03, LLT05 samples. 

 

 

  

  

Fig. 2 The XPS patterns of the LLT0 and LLT01 a) Mn 2p spectra for LLT0; b) Mn 2p spectra for LLT01; c) La 

3d spectra for LLT01; d) Ti 2p spectra for LLT01 
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Fig. 3. SEM images of pristine (a) LLT0, (b) LLT01, (c) LLT03, (d) LLT05 and the EDS mappings of LLT01 (e). 
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Fig. 4. TEM (a, b) and HRTEM (c, d) images of LLT0 and LLT01 (the inset shows corresponding SAED pattern), 

respectively. 

 

 

 

 

  

Fig. 5. The initial, 50th, 100th and 200th discharge curves of LLT0 and LLT01 cycled at 1 C at 25 °C (a) and 55 °C 

(b). 
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Fig. 6. (a, b) Cycling performance of the samples at the rate of 1 C and (c, d) plots of discharge capacity values of 

the samples at different rates from 0.5 C to 5 C in the voltage range of 3.0-4.3V at 25 °C and 55 °C. 

 

 

 

  

Fig. 7 a) CV curves of LLT0 and LLT01 cathode at a scan rate of 0.1 mV s
-1
 after different cycles 

at 1 C rate at room temperature; b) Scheme illustration of LLTO surface coating for the LMO 

cathode material. 
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Fig. 8. Partial enlarge of the three-dimensional Nyquist plots for LLT0 (a) initial charge cycle 

(3.2-4.2 V), (b) initial discharge cycle (4.2-3.0 V) and LLT01 (c) initial charge cycle (3.2-4.2 V), 

(d) initial discharge cycle (4.2-3.0 V). (e) Equivalent circuit used for fitting the impedance spectra 

consisting of Rs and Rct//CPEdl combinations (Rf and CPEsf are included only for the spectra 

corresponding to some potential. 

 

 

 

 

Table 1. ICP analyses results of Mn contents in the electrolyte of LLT0 and LLT01 after different cycles at 55 °C 

Cycle numbers  50 100 200 

Mn content in the 

electrolyte (ppm) 

LLT0 3.2 5.5 8.7 

LLT01 0.24 0.45 0.66 

 

 

Page 25 of 26 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

Page 26 of 26RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


