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Abstract

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 MnOMbonded 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−1at 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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Abstract: 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 Mn-O-M 

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.  

 

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 

technologies. 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. International Energy Agency, Paris 2018), 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 minutes, with a charge 

cost of approximately $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 

material 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 batteries. Layered Li-rich oxide materials such as Li1+xMn1-x-

yMyO2 (0 < x+y < 1, M = transition metal) have been studied intensively with the aim of achieving a 

capacity beyond 250 mAh g-1 and an energy density beyond 900 Wh kg-1.[1] Unfortunately, significant 
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challenges including a large first-cycle irreversible capacity loss, unsatisfactory cycle performance, and 

rate capability issues, need to be overcome before these materials can be advanced to practical 

application.[2] Notably, these materials suffer voltage fade during electrochemical cycling, resulting 

from a layered-spinel transition,[3] unfavorable redox couple evolution during cycling,[4] and the 

formation of partial dislocations.[5] 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.[6-7] The strategies employed to improve the performance of LLOs can be broadly classified 

into three groups: particle size control,[8] lattice doping,[9-10] and surface modification.[11-12] Although 

nanosizing has been successfully used to increase the capacity and rate performance of LLOs,[13] the 

resulting increased surface energy and area of the material along with decreased density lead to 

agglomeration of the material as well as severe side reaction with the electrolyte.[14] Dopants have also 

been introduced successfully to stabilize the LLO structure,[15] however, the atomic-scale engineering 

of such doping is challenging.[16] Although compositional changes in electrodes during electrochemical 

processes are leading factors of cycle instability,[17-18] the electrode surface may compositionally 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 electrode structure, 

particularly for high-voltage electrode materials. To date, coatings applied to LLO to improve their 

stability include Al2O3,[19] SnO2,[20] TiO2,[21] AlF3,[22] Li2SiO3,[23] Li3PO4,[24] Li2ZrO3,[25] and LiVO3.[26]  

Typically, surface modification offers either a better electronic conductivity and hinders lithium 

diffusion, or provides fast ion conduction and blocks electron transportation. Double-layer coatings 

have been proposed as an approach to promote both electronic and ion conduction.[27,28] The hybrid 

Mg2+ and Li-Mg-PO4 layer was successfully used to improve cycle stability of the Li1.17Ni0.17Co0.17Mn0.5O2 

material[29] 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 
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not significantly enhance both electronic and ionic conductivity. Whilst promising, the compatibility of 

the coating and electrode materials can be an issue for long-term cycling. Perovskite-type La1-xSrxMnO3-

y, with R3� c space group symmetry is a high stability solid oxide fuel cell cathode with a high 

concentration of oxygen vacancies leading to good electronic conductivity.[30-31] 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.[32-33] 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 electrodes, which is detrimental to battery performance.[31,34-35] 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,[36] 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 

LSM0.5, LSM1, LSM2, and LSM3, respectively) were characterized using X-ray powder diffraction 

(XRPD) (Figure. S1). 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 

crystallographic details given in Table S1. Both LM and LSM2 are found to be a two-phase composite 

system as consistent with that for the LM material,[15] consisting of a hexagonal LiMO2 phase with space 

group R3�m (JCPDS entry 52-0457) and a monoclinic Li2MnO3 phase with space group C/2m (JCPDS 

entry 27-1252)[37] with a Li2MnO3 weight fraction of 6.7(4) and 5.9(4) wt.%, respectively. LiMO2 in LM 

and LSM2 have similar lattice parameters, with the LSM coating inducing a ~ 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 R3�c, JCPDS entry 53-0058) and Ni6MnO8 (space group Fm3�m, JCPDS entry 49-1295) can 

be observed (Figure S1). 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 M-O in LiMO2 (Figure S2), in good 

agreement with other work.[38-40] These two peaks intensify with increasing coating, suggesting an 

increase of the M-O 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.[41-42] O 1s spectra (XPS, Figure 1c) show peaks at ~ 528.5 
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and 530.5 - 531 eV, corresponding to M-O covalency[43] and Sr-O,[44-45] respectively, which respectively 

weaken and strengthen with increasing LSM content. The weak peak arising from LM at ~ 530.5 eV can 

be assigned to Co-O,[46] and Co 2p and Ni 2p spectra are shown in Figure S3. Mn 2p1/2 features at 653.1 

eV and 2p3/2 at 641.4 eV are revealed that correspond to MnO2 (Figure 1d),[47-48] 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, the binding energy of the La 3d and Sr 3d peaks correspond those 

for La-O and Sr-O bonding,[36] with these increasing in 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. 

 

Figure 1. Structural characterization of LM and LSM-coated samples. (a-b) Rietveld refinement 

profiles using NPD data of LM and LSM2, respectively. (c-d) XPS O 1s and Mn 2p spectra of the LM 

and LSM-coated materials. 

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). 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). Figure 2c,g show high-angle annular dark field scanning TEM (HAADF-

STEM) images of LM and LSM that are similar to previous work[29, 49] 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 and S7). The corresponding fast Fourier transform (FFT) of the image verifies the presence 

of LiMO2 with a R3�m space group and LSM with a R3�c space group (Figure 2d,h). The LSM (012) plane 

consists of Mn-centred octahedra in which the Mn-O bond length is about 1.96 Å, the same as the M-

O bond in the LM structure, allowing the formation of a heterostructural connection between the LSM 
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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 and S8) whilst La is only observed in the coating layer, 

indicating a LSM coating as also confirmed by the EDS line profiles (Figure 2i and S9). It should be noted 

that the EDS mapping shows a non-uniform 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 2. Morphology and local structure of LM and LSM2. Scanning electron microscopy, annular 

bright-field scanning transmission electron microscopy, and high-angle annular dark field scanning 

transmission electron microscopy images alongside their corresponding fast Fourier transforms of (a-

d) LM and (e-h) LSM2, respectively. (i) Elemental distribution in LSM2 obtained from EDS. 

  

Figure 3a shows the first charge-discharge voltage profiles 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.[29,50-51] The LM electrode delivers the highest initial discharge capacity of 255.5 mAh g-1 and 
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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 material, delivering 243.5 mAh g-1 and an initial Coulombic efficiency 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 initial coulombic efficiency (ICE) of LSM3 is slightly higher 

(~ 2%) than that of LSM2. Whilst 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 structural 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,[52] and boosts the electrochemical anionic/cationic redox activity of cation sites (especially O-

Mn4+/Li+) and oxygen.[6,53] All LSM-coated electrodes show enhanced cycle stability (Figure 3c), 

particularly the LSM2 that shows an excellent capacity of 202 mAh g-1 (94%) after 200 cycles, in 

comparison to the uncoated LM electrode with only 84.4 mAh g-1 after 200 cycles (48%). Low current 

(0.2 C) cycling also displays 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). 

Voltage decay was significantly suppressed by the 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 efficiency and retains 80% of initial 

energy density, double that of the uncoated LM material (40%).  
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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. 

  

To investigate the enhancement mechanism of the LSM coating, both post-mortem and in operando 

measurements were carried out. It is thought that structural changes of LLOs during cycling such as 

layered-spinel type transitions,[54] as well as changes in defect concentration[5] and nanovoids,[52] 

contribute to battery degradation. TEM images of the LM and LSM2 electrodes extracted from coin 

cells following 200 cycles (Figure 4 and Figure S11, respectively) appear less dense (Figure 4aI and 

Figure S11I) with nanovoids (yellow dashed line in Figure 4aII and white dashed line in Figure S11II). 
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Moiré fringes are observed. The LM spinel phase could be identified (white dashed line and inset in 

Figure 4a) in the uncoated electrode. As shown in the highlighted area in Figure 4aI and Figure S11I, 

dark parallel bands with a spacing of around 0.8 ~ 1.0 nm are identified, characteristic of 

dislocations,[55] with partial dislocations noted previously to contribute to LLO voltage fade.[5] A high 

density of nanovoids in LLOs are also previously identified, as formed by oxygen vacancies following 

oxygen release from the surface.[4,52] The FFT of the TEM images (Figure 4a and Figure S11) could be 

indexed to the monoclinic space group C2/m of the Li2MnO3 structure, where red and white dashes 

indicate nanovoids, with monoclinic (020) lattice fringing (Figure S11II). In comparison, the LSM2 

electrode does not show significant defects on the surface (Figure 4b), and the LSM coating remains 

intact even after 200 cycles. Lattice fringes with a spacing of 0.27 nm (Figure 4bI & II and Figure S11cII) 

and 0.32 nm (Figure S11cI) 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 and nanovoids on the LM surface, as illustrated in Figure 4c and Figure 

S11b. 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 occurring 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 and S12). The Li2MnO3 phase could not be observed in these data as a result of 

the large background originating from the hydrogen in the organic electrolyte solvent and separator. 

The NPD data demonstrate the reversible solid-solution reaction of the LM.[15] The non-linear variation 

of peak position with derived capacity evidences specific 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 demonstrate the difference in oxygen on the surface 

of the cycled LM and LMS2 electrode, with these spectra exhibiting peaks expected for LM.[56-57] A 

cathode-electrolyte interfacial film may form as a result of the oxidation of organic solvents during the 

Li2MnO3 activation process.[56] For LM (Figure 4e), the peaks located at ~ 530.5, ~ 531.0, ~ 532.0, and 

533.0 eV can be assigned to C=O,[58] oxygenated deposited species,[57] carbonate species (CO3
2-),[34] and 

electrolyte oxidation species,[57] respectively. These results indicate the possible existence of Li2CO3 

and residue from side reactions on the surface of the LM. In contrast to LM (Figure 4f), the O 1s 

photoelectron spectrum of LSM2 is composed 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 (Sr-O) 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,[52] which contributes to a high discharge capacity and suppresses voltage fade. The XPS 

data suggest that unwanted side reactions are reduced and the electrolyte decomposition (e.g. Li2CO3) 

at the LM surface suppressed by the LSM coating. As consistent with the O 1s spectra, the Mn 2p 
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photoelectron spectra (Figure S13) 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 particular, the uncoated LM is more 

likely to generate an undesirable 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. 

 

The picture can't be displayed.
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Figure 4. Particle morphology and structure evolution. (a and 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 a 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. 

In summary, the influence of the LSM coating heterostructural with LM on the structural evolution and 

electrochemical performance of LLOs is illustrated in Figure 5, and has 3 main aspects:  

(1) The mitigation of M (especially Mn) migration: As illustrated in Figure 5a, the LSM coating is 

heterostructural with the LM bulk, forming a strong Mn-O-M bonding, and reducing the dissolution of 

Mn, which prevents the layered-spinel transition during cycling. Consequently, the structural disorder 

in the form of defects, cation vacancies, and unwanted phase transitions are avoided, resulting in 

enhanced energy and cycling performance;  

(2) The mitigation of oxygen release and redox activity in the form of O2
n- or O2: The Mn-O-M bonding 

protects against oxygen evolution leading to improved first-cycle irreversibility. As depicted in Figure 

5a, LSM and LM form a heterostructural interface by sharing O, stabilizing against oxygen release 

during charging. The formation of defects and nanovoids[52] responsible for the deterioration of 

electrochemical performance are therefore avoided.  

(3) The LSM coating protects against the HF generated from electrolyte decomposition, as similar to 

other coatings, further reducing Mn dissolution from the LM.  
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Figure 5b-c summarize the proposed structure evolution of LM and LSM2 during electrochemical 

cycling. During initial cycling, both LM and LSM2 undergo structural deformation caused by lithium 

extraction/insertion and oxygen activity. The high levels of oxygen release and cation migration that 

create issues in the LM including transformation to the spinel phase, as well as the formation of lattice 

dislocations and nanovoids, are avoided by the LSM coating. Overall, the inactive LSM coating that is 

heterostructural to the LM stabilizes both O and M more effectively than that of other reported coating 

strategies. 

 

The picture can't be displayed.
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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 the marked suppression of these in by the LSM coating (c). 

 

 3. Conclusion 

 A LSM coating is introduced to LM, stabilizing the LM structure. The LSM forms a heterostructural 

connection with the LM through Mn-O-M bonding at the interface. The LSM coating reduces oxygen 

release during charging, suppresses the formation of defects and nanovoids during cycling, and 

reduces the dissolution of Mn from the LM. The LSM-coated LM electrode exhibits an enhanced 

reversible capacity of 202 mAh g-1 at 1 C with excellent cycling stability and rate capability. These 

findings are extendable more broadly to other LLOs and open a new avenue for the surface 

modification of high-energy and high-voltage electrode materials for metal-ion batteries. 

 

4. Experimental Section 

Preparation of Pristine LM: Li1.2Ni0.13Co0.13Mn0.54O2 was synthesized using a co-precipitation method 

where [Ni0.13Co0.13Mn0.54](OH)2 (2.0 M), NiSO4·6H2O (Sinopharm Chemical Reagent Co., Ltd; SCRC), 

CoSO4·7H2O (SCRC), and MnSO4·H2O (SCRC) were mixed in a 0.13 : 0.13 : 0.54 molar ratio to which 

NaOH (SCRC, 4.0 M) and a suitable amount of NH3·H2O (SCRC) was added during continuous stirring 

under N2 at 60 °C. The pH was kept ~ 11. The formed particles were collected, washed with deionized 

water, and dried at 100 °C for 24 h in a vacuum oven. Finally, the dried precipitate was ball-milled with 

an adequate amount of Li2CO3 (SCRC) and calcined in air at 900 °C for 12 h using a heating ramp of 5 

°C min-1. 

 

Surface modification: A stoichiometric mixture of La(NO3)3·6H2O (Aldrich, 99%), Mn(NO3)2·4H2O 

(SCRC), Sr(NO3)2 (Aldrich, 99%), and cetyltrimethyl ammonium bromide (Aldrich) was dissolved in 

deionized water. To achieve full complexation, the pH was adjusted to ~ 9 using NH3·H2O. The mixture 

was divided and calcined at 350, 400, 500, and 600 °C for 5 h using heating ramp of 2 °C min-1, with 

these termed LSMS3, LSMS4, LSMS5, and LSMS6, respectively, and the optimal temperature for the 
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production of impurity-free material confirmed as 500 °C by examination of these materials using XRPD 

(Figure S14), XPS (Figure S15-16), and electrochemical performance testing (Figure S17). Subsequently, 

0.5, 1, 2, and 3 wt.% LSM were applied to LM at 500 °C to obtain LSM0.5, LSM1, LSM2, and LSM3, 

respectively. 

 

Material Characterization: X-ray powder diffraction (XRPD) data were collected using a D/Max-

2500V/PC instrument equipped with CuKα radiation, λ = 1.5406 Å. The data were recorded in the 2θ 

range 10-80° at a step size of 0.02° and a scan rate of 2° min-1. Raman micro-spectroscopy studies of 

the pristine and LSM-coated samples were performed on a Renishaw inVia (UK). The system was 

equipped with a 532 nm and ~1 mW laser. Scanning electron microscopy (SEM) was performed using 

a FEI Quanta 200 FEG. The oxidation states of all samples were carried out using X-ray photoelectron 

spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific) with Al Kα radiation (1,487.71 eV). Further 

structural, morphology, and particle size investigations were performed using transmission electron 

microscopy (TEM) with a JEOL-2010F at 200 kV. Ex situ XPS and TEM tests of the active materials was 

undertaken as extracted from cycled batteries in an argon-filled glove box (O2 and H2O concentrations 

of < 0.1 p.p.m.), which were sealed and transferred to a vacuum oven to evaporate the residual 

electrolyte. Aberration-corrected high-angle annular dark field (HAADF) scanning TEM (STEM) was 

performed on a JEM-ARM200F (JEOL) at 200 kV, using an image corrector equipped with a cold field-

emission gun and double spherical aberration correctors.  

 

Neutron powder diffraction (NPD) data for LM and LSM2 were collected on the high-resolution neutron 

powder diffractometer ECHIDNA[59] at the Open Pool Australian Lightwater (OPAL) research reactor at 

the Australian Nuclear Science and Technology Organization (ANSTO), with a wavelength of 1.6214(4) 

Å. In operando NPD data were collected using WOMBAT,[60] the high-intensity neutron powder 

diffractometer at the OPAL research reactor at ANSTO. A cylindrical rolled type LSM2||Li4Ti5O12 cell 

was prepared at the School of Chemistry and Pharmaceutical Sciences, Guangxi Normal University and 

inserted into a polymer coated aluminum pouch casing for the in operando NPD experiment. 

Electrodes were prepared from slurries containing 93 wt.% of active material, 2 wt.% acetylene black, 

2 wt.% super P, and 3 wt.% polyvinylidene fluoride binder. The areal densities were ~ 5.5 mg cm-2 and 

~ 7.0 mg cm-2 for LSM2 and Li4Ti5O12, respectively. Conventional Celgard 2400 was used as the 

separator. The cell was ~ 6 cm high with a diameter ~ 2 cm and filled with ~15 g of electrolyte 

comprising 1 M LiPF6 in a 1: 1: 1 volume ratio of ethylene carbonate: ethylmethyl carbonate: diethyl 

carbonate. The battery is shown in Figure S12. A neutron beam with a wavelength of 2.4213(2) Å was 

used, as determined using the La11B6 NIST standard reference material 660b. During galvanostatically 

charge-discharge cycling using a potentiostat/galvanostat (Autolab PG302N) at currents of 0.2 and 1.0 

A (0.1 and 0.5 C rates, respectively), NPD data of the battery were collected in the 2θ angular range 

17.25-135.75 with an exposure time of 5 min per pattern. 

 

Electrochemical Tests: Electrodes were prepared from a slurry of active material, super P and 

poly(vinylidene fluoride) in a weight ratio of 8: 1: 1 using N-Methyl pyrrolidone as solvent. The slurry 
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was cast onto an aluminum current collector, followed by drying at 80 °C for 12 h in a vacuum oven. 

The typical active material loading was about 4 mg cm-2. CR2032 coin cells were assembled in an argon-

filled glove box with lithium metal foil as counter electrode and Celgard 2400 as separator. 1 M LiPF6 

electrolyte solution was dissolved in ethylene carbonate, ethyl-methyl carbonate, and diethyl 

carbonate (1: 1: 1 vol%). Battery testing was performed using a LAND CT-2001A instrument (Wuhan, 

China) at 25 °C. The cells were charged-discharged for several cycles at various currents in the range 

2.00-4.75 V, with the C-rate 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. 
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A facile surface engineering strategy is used to introduce a phase-compatible La0.8Sr0.2MnO3-y (LSM) 

coating with an R3� c hexagonal symmetry to a Li1.2Ni0.13Co0.13Mn0.54O2 (LM) cathode material with 

hexagonal R 3� m symmetry. The electrode bulk structure is stabilized by the coating by the 

heterostructural Mn-O-M (Ni, Co, Mn) bonding at the LSM/LM interface. 
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Table S1. Crystallographic details of LM and LSM2. 

LM 

Space group: R𝟑𝟑�m 

Lattice parameters: a = 2.8512(3) Å, c = 14.2351(6) Å, V= 100.22(1) Å3 

Atom 
Wyckoff 

position 
x y z Uiso (Å2) 

Occupancy 

(x 100%) 

Li 
3b 0 0 1/2 0.0081(3) 

0.987 

0.013 Ni 

Li 

3a 0 0 0 0.0081(3) 

0.013 

Ni 0.020(3) 

Mn 0.578(2) 

Co 0.389(1) 

O 6c 0 0 0.25861(7) 0.0081(3) 0.999(15) 

 
 

LSM2 

Space group: R𝟑𝟑�m 

Lattice parameters: a = 2.8513(3) Å, c = 14.2371(7) Å, V= 100.24(1) Å3 

Atom 
Wyckoff 

position 
x y z Uiso (Å2) 

Occupancy 

(x100%) 

Li 
3b 0 0 1/2 0.0077(4) 

0.987 

0.013 Ni 

Li 

3a 0 0 0 0.0077(4) 

0.013 

Ni 0.020(3) 

Co 0.578(2) 

Mn 0.389(1) 

O 6c 0 0 0.25861(6) 0.0077(4) 0.986(14) 



 
Figure S1. XRPD data of the pristine LM and LSM-coated LM. 

 
Figure S2. Raman spectra of the pristine LM and LSM-coated LM. 
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Figure S3. XPS spectra. (a) Co 2p and (b) Ni 2p spectra of pristine LM and 
LSM-modified LM. 



 

 
Figure S4. XPS spectra. (a) La 3d and (b) Sr 3d spectra of pristine LM and 
LSM-coated LM. 
 
 
 
 

845 840 835 830 825

Shake-up 3d
5/2

La 3d
In

te
n
si

ty
  
(a

.u
.)

Binding energy  (eV)

LM

LSM0.5

LSM1

LSM2

LSM3

a

140 136 132 128

Sr 3d

In
te

n
si

ty
  
(a

.u
.)

Binding energy  (eV)

LM

LSM0.5

LSM1

LSM2

LSM3

b



 

Figure S5. SEM images of the LSM-coated samples. (a) LSM0.5; (b) LSM1; (c) 
LSM3. 
 

 

Figure S6. TEM images of the pristine and LSM-coated samples. (a) LM; (b) 
LSM0.5; (c) LSM1; (d) LSM2; (e) LSM3. 



 

 

Figure S7. Annular bright-field scanning transmission electron microscopy 
(ABF-STEM) image of LSM2. 
 
 

 
Figure S8. Elemental mapping of LM obtained from EDS.  

 



 
 
 
 
 

 
Figure S9. EDS line profiles of LSM2 for Mn, Sr, and La. 

 

 
Figure S10. Cycling performance of LM and LSM2 after a first cycle at 0.1 C and 
then at 0.2 C. 

 
 
 
 



Figure S11. TEM images and their FFT (a,c) of LM (top) and LSM2 (bottom), and 
corresponding structural models (b) of LM electrodes extracted from coin cells after 
200 cycles over 2.0 - 4.75 V. 
 
 

 

Figure S12. Cylindrical rolled LSM2||Li4Ti5O12 battery used for in operando NPD 
analysis showing the as-prepared battery core without (a) and with (b) electrolyte. (c) 
The first NPD pattern in the in operando dataset.  
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Figure S13. Mn 2p XPS data of the LM (a) and LSM2 (b) electrodes before cycling 
and extracted from coin cells after 200 charge-discharge cycles at 1 C.  

 
Figure S14. XRPD data of the LSM-coated LM at various coating temperatures. 

10 20 30 40 50 60 70 80 90

∇
∇

PDF# 27-1252PDF# 52-0457

Ni6MnO8

In
te

n
si

ty
 (
a
.u

.)

LSMS3
LSMS4
LSMS5

 LM

LSMS6

2-theta (°)

2-theta (°)

∇

 

18.0 18.5 19.0 19.5

(003)

660 655 650 645 640 635

Mn
3+

Mn
4+

Mn
2+Mn

4+
 

Binding energy (eV)

a

LM after cycling

 

 

In
te

n
s
it
y
 (

a
.u

.)

2p
1/2

2p
3/2

LM before cycling

660 655 650 645 640 635

 

Binding energy (eV)

2p
1/2

2p
3/2

Mn
4+

Mn
4+

LSM2 after cycling

 

 

In
te

n
s
it
y
 (

a
.u

.)

LSM2 before cycling

Mn
2+

Mn
3+b



 

 

 



 
Figure S15. X-ray photoelectron spectra of pristine LM and surface modified LM 
synthesized at different temperatures. (a) Mn 2p, (b) Co 2p, (c) Ni 2p. 
 

845 840 835 830 825

LM

LSMS5

LSMS4

LSMS3

La 3d

LSMS6

In
te

n
si

ty
  
(a

.u
.)

Binding energy  (eV)

a



 
Figure S16. X-ray photoelectron spectra of pristine LM and surface modified LM 
synthesized at different temperatures (a) La 3d and (b) Sr 3d. 
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Figure S17. Electrochemical properties of pristine and LSM-coated LM synthesized 
at different temperature. (a) charge-discharge profile at 0.1 C; (b) rate capability, and 
(c) cycling performance at 1.0 C 
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