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1. Introduction

Since their commercialization less than 
30 years ago, lithium-ion batteries (LIBs) 
have experienced significant development 
and are used in electrified vehicle (EV) 
applications among various other technol-
ogies. The International Energy Agency 
reports that the number of EVs, including 
plug-in hybrid electric vehicles, surpassed  
3 million in 2017 (Global EV Outlook 2018: 
towards cross-modal electrification; Inter-
national Energy Agency, Paris 2018),[1] 
which is a 56% increase from 2016, and 
that the main performance features of LIB 
powered EVs (safety, range, and cost) are 
approaching to that of gasoline vehicles. 
For example, the Tesla Model 3 (https://
www.tesla.com/model3) has a driving 
range of up to 310 miles on a single charge 
and can charge to ≈60% full in 15 min, 
with a charge cost of ≈$0.26 per kilowatt 
hour. To meet the increasing demands of 

the EV market, LIB energy/power density, cycle life, and fast 
charging capability must be improved, with the cathode mate-
rial of LIBs being the bottleneck in meeting these challenges. 
Several commercialized materials, such as LiCoO2, LiMO2 
(M = Ni, Co, Mn, etc.), LiMn2O4, and LiFePO4, are unable to 
fully satisfy the growing demand for high energy density bat-
teries. Layered Li-rich oxide materials such as Li1+xMn1−x−yMyO2 
(0 < x + y < 1, M = transition metal) have been studied inten-
sively with the aim of achieving a capacity beyond 250 mAh g−1 
and an energy density beyond 900 Wh kg−1.[2] Unfortunately, 
significant challenges including a large first-cycle irreversible 
capacity loss, unsatisfactory cycle performance, and rate capa-
bility issues need to be overcome before these materials can 
be advanced to practical application.[3] Notably, these materials 
suffer voltage fade during electrochemical cycling, resulting 
from a layered-spinel transition,[4] unfavorable redox couple 
evolution during cycling,[5] and the formation of partial disloca-
tions.[6] Efforts to overcome these specific problems have been 
focused on the Li1.2Ni0.13Co0.13Mn0.54O2 material as a result of 
its particularly high specific capacity and good cyclability.[7,8] 
The strategies employed to improve the performance of  
Li-rich layered oxides (LLOs) can be broadly classified into three 
groups: particle size control,[9] lattice doping,[10,11] and surface 
modification.[12,13] Although nanosizing has been successfully 

Li-rich layered oxides (LLOs) can deliver almost double the capacity of 
conventional electrode materials such as LiCoO2 and LiMn2O4; however, 
voltage fade and capacity degradation are major obstacles to the 
practical implementation of LLOs in high-energy lithium-ion batteries. 
Herein, hexagonal La0.8Sr0.2MnO3−y (LSM) is used as a protective 
and phase-compatible surface layer to stabilize the Li-rich layered 
Li1.2Ni0.13Co0.13Mn0.54O2 (LM) cathode material. The LSM is MnOM 
bonded at the LSM/LM interface and functions by preventing the migration 
of metal ions in the LM associated with capacity degradation as well as 
enhancing the electrical transfer and ionic conductivity at the interface. The 
LSM-coated LM delivers an enhanced reversible capacity of 202 mAh g−1 
at 1 C (260 mA g−1) with excellent cycling stability and rate capability 
(94% capacity retention after 200 cycles and 144 mAh g−1 at 5 C). This work 
demonstrates that interfacial bonding between coating and bulk material 
is a successful strategy for the modification of LLO electrodes for the 
next-generation of high-energy Li-ion batteries.
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used to increase the capacity and rate performance of LLOs,[14] 
the resulting increased surface energy and area of the mate-
rial along with decreased density lead to agglomeration of the 
material as well as severe side reaction with the electrolyte.[15] 
Dopants have also been introduced successfully to stabilize the 
LLO structure;[16] however, the atomic-scale engineering of such 
doping is challenging.[17] Although compositional changes in 
electrodes during electrochemical processes are leading factors 
of cycle instability,[18,19] the electrode surface may composition-
ally differ to that of the bulk particle, and surface coatings and 
other modifications have been successfully employed to protect 
against electrode degradation without changing the bulk elec-
trode structure, particularly for high-voltage electrode mate-
rials. To date, coatings applied to LLO to improve their stability 
include Al2O3,[20] SnO2,[21] TiO2,[22] AlF3,[23] Li2SiO3,[24] Li3PO4,[25] 
Li2ZrO3,[26] and LiVO3.[27]

Typically, surface modification offers either a better elec-
tronic conductivity and hinders lithium diffusion or pro-
vides fast ion conduction and blocks electron transportation. 
Double-layer coatings have been proposed as an approach to 
promote both electronic conduction and ion conduction.[28,29] 
The hybrid Mg2+ and LiMgPO4 layer was successfully 
used to improve cycle stability of the Li1.17Ni0.17Co0.17Mn0.5O2 
material[30] by inhibiting undesired reactions such as attack 
by the HF generated during electrolyte decomposition at high 
voltage and subsequent migration of atoms from the M layer; 
however, it did not significantly enhance both electronic and 
ionic conductivities. While promising, the compatibility of 

the coating and electrode materials can be an issue for long-
term cycling. Perovskite-type La1−xSrxMnO3−y, with R3c space 
group symmetry, is a high stability solid oxide fuel cell cathode 
with a high concentration of oxygen vacancies leading to good 
electronic conductivity.[31,32] Importantly, this material has 
been used as a coating to suppress Mn dissolution from and 
enhance the electronic conductivity of both LiNi0.5Mn1.5O4 and 
LiMn2O4 electrode materials.[33,34] The high oxygen vacancy 
content of La1−xSrxMnO3−y may also play a role in reducing 
the oxygen loss occurring at the surface of high-voltage elec-
trodes, which is detrimental to battery performance.[32,35,36] 
Herein, we introduce La0.8Sr0.2MnO3−y (LSM) as a coating on 
the Li1.2Ni0.13Co0.13Mn0.54O2 (LM) electrode material, building 
on our previous work investigating LSM,[37] and reveal in detail 
its mechanism for the performance enhancement of LM.

2. Results and Discussion

As-prepared pristine LM and LSM-coated LM with coatings 
of 0.5, 1.0, 2.0, and 3.0 wt% LSM (denoted as LSM0.5, LSM1, 
LSM2, and LSM3, respectively) were characterized using X-ray 
powder diffraction (XRPD) (Figure S1, Supporting Information). 
Neutron powder diffraction (NPD) data of LM and LSM2 were 
also collected and analyzed using the Rietveld method, with the 
refined profiles shown in Figure 1a,b and the obtained crystal-
lographic details given in Table S1 (Supporting Information). 
Both LM and LSM2 are found to be a two-phase composite 
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system as consistent with that for the LM material,[16] con-
sisting of a hexagonal LiMO2 phase with space group R3m 
(JCPDS entry 52–0457) and a monoclinic Li2MnO3 phase with 
space group C/2m (JCPDS entry 27–1252)[38] with Li2MnO3 
weight fractions of 6.7(4) and 5.9(4) wt%, respectively. LiMO2 
in LM and LSM2 have similar lattice parameters, with the LSM 
coating inducing an ≈0.014(1)% expansion in the c parameter 
compared to the pristine material, indicating no significant 
impact of the coating on the LM unit cell. Given that the ionic 
radii of La3+ and Sr2+ (11.7 and 11.8 Å, respectively) are much 
larger than M in LiMO2, the incorporation of these large ions 
into the crystal structure of LM as dopants is unlikely. When the 
coating is increased to 3.0 wt%, weak reflections arising from 
La0.8Sr0.2MnO3−y (space group R3c, JCPDS entry 53–0058) and 
Ni6MnO8 (space group Fm3m, JCPDS entry 49–1295) can be 
observed (Figure S1, Supporting Information). Raman spectra 
of the as-prepared samples reveal active modes at around  
492 and 610 cm−1, corresponding to the Eg and A1g modes of the 
MO in LiMO2 (Figure S2, Supporting Information), in good 
agreement with other work.[39–41] These two peaks intensify with 
increasing coating, suggesting an increase of the MO bonding 
at the LSM/LM interface. A weak band at around 630 cm−1 in 
the spectrum for the pristine LM is also observed, which may 
be attributed to spinel-type ordering, indicating the possibility 
of spinel defects in the LM structure.[42,43] O 1s spectra (X-ray 
photoelectron spectroscopy (XPS), Figure 1c) show peaks 
at ≈528.5 and 530.5–531 eV, corresponding to MO covalency[44] 
and SrO,[45,46] respectively, which weaken and strengthen 
with increasing LSM content. The weak peak arising from LM 
at ≈530.5 eV can be assigned to CoO,[47] and Co 2p and Ni 
2p spectra are shown in Figure S3 (Supporting Information). 
Mn 2p1/2 features at 653.1 eV and 2p3/2 at 641.4 eV are revealed 
that correspond to MnO2 (Figure 1d),[48,49] where the oxidation 
state of Mn is slightly lower on the surface of coated samples, 
indicating that the Mn within the LSM is likely 3+. As shown in 
Figure S4 (Supporting Information), the binding energies of the 
La 3d and Sr 3d peaks correspond to those for LaO and SrO 
bondings,[37] with the increasing intensity with increasing LSM. 
Taken together, the XPS and crystallographic analysis reveal that 
the crystal structure and composition of LM and LM in LSM2 
are similar and that the coating contains Mn3+, indicating the 
presence of oxygen vacancies in the LSM samples.

Microscopy images reveal that the pristine LM is spherical 
with nanoscale primary particles that are maintained after 
coating (Figure 2a,e) and that the average particle size of LM 
and LSM2 is ≈150–300 nm (Figure 2b,f). As the LSM coating 
amount increases, the surface of the modified electrode 
becomes rougher and denser (Figure S5, Supporting Informa-
tion). Transmission electron microscopy (TEM) images of LSM-
coated samples show clear evidence of the LSM coating, the 
thickness of which increased with increased coating amount 
(Figure S6, Supporting Information). Figure 2c,g shows high-
angle annular dark field scanning TEM (HAADF-STEM) images 
of LM and LSM that are similar to previous work,[30,50] in which 
LM exhibits (003) planes with a d-spacing of ≈0.47 nm. The 
LSM coating (012) planes can be clearly observed on the LiMO2 
particle surface (with (104) planes being observed) the thickness 
of which is calculated to be 5–8 nm (Figure 2g; Figure S7, Sup-
porting Information). The corresponding fast Fourier transform 

(FFT) of the image verifies the presence of LiMO2 with 
an R3m space group and LSM with an R3c space group 
(Figure 2d,h). The LSM (012) plane consists of Mn-centered 
octahedra in which the MnO bond length is about 1.96 Å,  
the same as the MO bond in the LM structure, allowing the 
formation of a heterostructural connection between the LSM 
coating and LM bulk. The O-shared interface between the 
LSM and LM ensures the stability of the coating over extended 
cycling. This bonding is consistent with the slightly larger  
c parameter and larger oxygen vacancy of the LSM2 material. 
Energy dispersive spectroscopy (EDS) was also carried out to 
determine the elemental distribution of Ni, Co, and Mn, as 
well as La and Sr within the LSM-coated LM. While Sr could 
not be clearly identified due to low content, Ni, Co, and Mn 
are uniformly distributed throughout the particles (Figure 2i; 
Figure S8, Supporting Information) while La is only observed 
in the coating layer, indicating an LSM coating as also con-
firmed by the EDS line profiles (Figure 2i; Figure S9, Sup-
porting Information). It should be noted that the EDS mapping 
shows a nonuniform distribution of Sr on the surface, which 
differs from the line profile analysis, which may result from the 
relatively low Sr content leading to a noisier signal.

Figure 3a shows the first charge–discharge voltage pro-
files of coin cells containing the LM or LSM2 electrodes 
over 2.0–4.75 V at 0.1 C (26 mA g−1). Similar to other LLOs, 
a long plateau at ≈4.5 V is observed during initial charging, 
which corresponds to the electrochemical activation of the 
Li2MnO3.[30,51,52] The LM electrode delivers the highest initial 
discharge capacity of 255.5 mAh g−1 and the lowest Coulombic 
efficiency of 69%, which increases with the amount of coating, 
reaching 82% at 3 wt%. Nevertheless, owing to the inactive 
LSM content, the coated samples exhibited lower first discharge 
capacities than the LM electrode. Correspondingly, LSM2 
with a 2 wt% coating is considered the best-performing mate-
rial, delivering 243.5 mAh g−1 and an initial Coulombic effi-
ciency (ICE) of 80%. Rate capability testing further highlights 
the advantages of the LSM coating (Figure 3b), where LSM2 
exhibits a remarkably higher capacity than LM at all tested 
rates, and the differences (147 vs 64 mAh g−1) become even 
more pronounced at 5 C. The ICE of LSM3 is slightly higher 
(≈2%) than that of LSM2. While very small and possibly the 
same within experimental error, this also plausibly may arise 
from the formation of a thicker heterostructural surface layer, 
reducing the cathode–electrolyte interface growth and struc-
tural disorder, as well as inhibiting oxygen release. Notably, by 
reducing the M (especially Mn) migration and oxygen activity 
of the electrode, the phase-compatible layer addresses both 
surface/interface issues including defects and undesirable 
deposited species,[53] and boosts the electrochemical anionic/
cationic redox activity of cation sites (especially OMn4+/Li+) 
and oxygen.[7,54] All LSM-coated electrodes show enhanced cycle 
stability (Figure 3c); particularly, the LSM2 that shows an excel-
lent capacity of 202 mAh g−1 (94%) after 200 cycles, in com-
parison to the uncoated LM electrode with only 84.4 mAh g−1 
after 200 cycles (48%). Low-current (0.2 C) cycling also dis-
plays excellent stability with a capacity retention of 97.3% for 
the coated sample with 2.0 wt% LSM compared with a capacity 
retention of 82.1% for the pristine LM (Figure S10, Supporting 
Information). Voltage decay was significantly suppressed by the 
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LSM coating (Figure 3d–g) with both discharge capacity and 
discharge plateaus of the LM electrode decaying much faster 
than that of the LSM2 electrode. The LM electrode exhibits a 
long plateau below 2.8 V which is noticeably suppressed in the 
LSM2 electrode, and the LSM2 electrode displays higher energy 
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remains intact even after 200 cycles. Lattice fringes with spac-
ings of 0.27 nm (Figure 4bI,II; Figure S11cII, Supporting Infor-
mation) and 0.32 nm (Figure S11cI, Supporting Information) 
arise from C2/m (−113) and (022) planes, respectively. The TEM  

images and corresponding FFTs indicate that the bulk LM 
structure is stable during charge and discharge as protected 
by the LSM coating. The bonding between the LM and LSM 
coating plays a critical role in limiting the formation of defects 

Adv. Energy Mater. 2019, 1901795

Figure 3. Electrochemical performance of electrodes. a) First charge–discharge profile at 0.1 C (26 mA g−1); b) rate capability; c) cycle performance 
at 1 C. d,e) Voltage–discharge capacity profiles of LM and LSM2. f) Average discharge voltage of LM and LSM2 upon cycling. g) Energy density and 
energy efficiency of LM and LSM2 upon cycling calculated based on the activate electrode material mass.
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and nanovoids on the LM surface, as illustrated in Figure 4c 
and in Figure S11b (Supporting Information). These results are 
consistent with our electrochemical analysis that verify reduced 
voltage fade in the LSM-coated LM.

To assess the lattice deformation and phase changes occur-
ring in the LSM-coated LM during Li extraction and insertion, in 
operando NPD was performed. The LiMO2 012 reflection could 
be identified in the in operando NPD data of the LSM2||Li4Ti5O12 
(LTO) full battery and was analyzed using single peak fitting 
(Figure 4d; Figure S12, Supporting Information). The Li2MnO3 
phase could not be observed in these data as a result of the large 
background originating from the hydrogen in the organic elec-
trolyte solvent and separator. The NPD data demonstrate the 
reversible solid-solution reaction of the LM.[16] The nonlinear 

variation of peak position with derived capacity evidences spe-
cific redox reactions, such as the sloping plateau at 2.5 V (vs LTO, 
equivalent to ≈4.0 V vs Li) being smaller than that at 1.5 V 
(vs LTO), with the higher plateau arising from the Ni4+/Ni2+ redox 
couple and the lower one from Mn4+/Mn3+, in a good agreement 
with the derived capacity (Figure 3e) and the nominal Ni:Mn ratio.

The O 1s XPS spectra (Figure 4e,f) are also used to demo-
nstrate the difference in oxygen on the surface of the cycled 
LM and LMS2 electrodes, with these spectra exhibiting peaks 
expected for LM.[57,58] A cathode–electrolyte interfacial film may 
form as a result of the oxidation of organic solvents during the 
Li2MnO3 activation process.[57] For LM (Figure 4e), the peaks 
located at ≈530.5, ≈531.0, ≈532.0, and 533.0 eV can be assigned 
to CO,[59] oxygenated deposited species,[58] carbonate species 
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Figure 4. Particle morphology and structure evolution. a,b) TEM images and corresponding FFT of LM and LSM2 extracted from coin cells after 
200 cycles between 2.0 and 4.75 V at 1 C, respectively. c) The corresponding crystal structure model of the LM electrode. d) Evolution of the LiMO2 012 
reflection in NPD data during cycling of an LSM2||Li4Ti5O12 battery between 0.5 and 3.3 V (vs LTO) at 0.1 C (0.2 A) during the first two cycles and 0.5 C 
(1 A) during the third cycle. e,f) O 1s XPS spectra of LM and LSM2 extracted from coin cells after 200 charge–discharge cycles at 1 C rate, respectively.
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(CO3
2−),[35] and electrolyte oxidation species,[58] respectively. 

These results indicate the possible existence of Li2CO3 and res-
idue from side reactions on the surface of the LM. In contrast to 
LM (Figure 4f), the O 1s photoelectron spectrum of LSM2 is com-
posed of three features. One can be seen at ≈529.0 eV and arises 
from O2− in the transition metal layers and another at ≈531.0 eV 
corresponds to the O2− in the LSM structure (SrO) as well as 
oxygenated deposited species. The third peak at ≈533.0 eV may 
be attributed to electrolyte oxidation. Moreover, the absence of 
a peak arising from CO3

2− in the LSM-coated LM suggests a 
higher level of the surface redox reaction of oxygen compared 
with that for the LM sample,[53] which contributes to a high dis-
charge capacity and suppresses voltage fade. The XPS data sug-
gest that unwanted side reactions are reduced and the electro-
lyte decomposition (e.g., Li2CO3) at the LM surface suppressed 
by the LSM coating. As consistent with the O 1s spectra, the  

Mn 2p photoelectron spectra (Figure S13, Supporting Informa-
tion) reveal the reduction of the Mn valence and suppression of 
Mn dissolution by the LSM coating. The intensity of the Mn 2p 
spectrum for the pristine LM is significantly reduced after long-
term cycling, in contrast to that for the cycled LSM2 electrode, 
where the LSM2 sample has less Mn2+ after 200 cycles. These 
results highlight the difference in cathode–electrolyte interface 
species in the pristine LM and LSM-coated samples. In par-
ticular, the uncoated LM is more likely to generate an undesir-
able passivation layer, in contrast to the LSM-coated material. 
Overall, these results indicate that the LSM2 sample has less 
oxygen release and local structure disorder than the LM sample.

In summary, the influence of the LSM coating, heterostruc-
tural with LM, on the structural evolution and electrochemical 
performance of LLOs is illustrated in Figure 5, and has three 
main aspects:

Figure 5. Schematic of mechanism and structural evolution of LSM-coated LM showing a) the heterostructural interface and bonding, and the oxygen 
release and cation migration in b) pristine LM, and c) the marked suppression of these by the LSM coating.





www.advenergymat.dewww.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1901795 (9 of 10)Adv. Energy Mater. 2019, 1901795

defined based on 1 C = 260 mA g−1. Cyclic voltammetry (CV) was 
performed using a Zahner IM6 electrochemical workstation at a scan 
rate of 0.1 mV s−1 in the range 2.0–4.75 V.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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