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A B S T R A C T   

Li-rich layered oxide (LLO) is one of the most promising cathode materials for high energy–density lithium ion 
battery (LIB) due to its capacity more than 250 mAh g− 1. However, the low initial Coulombic efficiency, large 
voltage decay and poor cycling stability caused by irreversible lattice oxygen releasing hinder its further 
development. The present work demonstrates that a surface layer of spinel Li4Mn5O12 rich of interface oxygen 
vacancies in LLO (denote as SLLO) reduces the voltage decay and suppresses the irreversible release of oxygen. 
When SLLO was used as a cathode in LIBs, the initial Coulombic efficiency is improved from 83% to 97%, a high 
reversible capacity of 303 mAh g− 1 at a rate of 0.1C, as well as a capacity retention of 88% at 0.3C at 200 cycles, 
and corresponding voltage decay is also mitigated. Characterization and calculation reveal that the enhanced 
performance is attributed to the rapid Li+ extraction/insertion in the surface spinel; the irreversible release of O2 
is reduced through the interfacial oxygen vacancies; the adverse reaction is largely suppressed by spinel coating 
layer.   

1. Introduction 

Lithium ion batteries with higher energy density are essential for 
energy storage systems, especially for electric vehicles. Among many 
lithium-ion cathode materials, Li-rich layered oxide (LLO), xLi2MnO3

. 

(1-x)LiMO2 (M =Ni, Co and Mn), composed by the rhombohedral LiMO2 
structure with R-3 m space group and the monoclinic Li2MnO3 with C2/ 
m space group, has attracted much attention due to its higher specific 
capacity (greater than250 mAh g− 1) than any of the commercially 
employed cathodes [1]. The extraordinary capacity of LLO comes from 
the traditional cationic redox in LiMO2 component as well as the 
contribution of anionic redox from Li2MnO3. Typically, the anionic 
redox reaction concludes a reversible anodic redox (O2– to On–) and an 
irreversible lattice oxygen loss (O2– to O2), the former can provide ca-
pacity while the latter brings about a series of problems such as the large 
initial irreversible capacity loss, poor structural stability and side reac-
tion [2]. The release of O2 would induce the migration of transition 
metal (TM) ion to neighboring Li slabs, resulting in the local phase 

transformation from a layered into spinel-like structure. Such distorted 
lattice in the defect spinel phase would hinder Li diffusion and result in a 
lower Li+ coefficient [3]. 

To circumvent these issues, surface modification with metal oxides 
[4–7], fluorides [8–9] and phosphates coating [10–11] has been studied 
to stabilize LLO structure and suppress side reactions between LLO and 
electrolyte at high voltages. However, most coating materials are non- 
electrochemically active and their crystal structures are incompatible 
with LLO, reducing the capacity and limiting their further de-
velopments. It has been reported that leaching by strong acid like HNO3 
or H2SO4 largely limited the anionic activity and improved the initial 
Coulombic efficiency though LLO crystal structure was easily damaged, 
resulting in a quick decay of electrochemical performance [12–15]. 
Oxygen vacancy could also reduce the irreversible oxygen release and 
suppress the formation of unstable superoxides and the structural 
degradation. For example, Qiu et al. [1] reported that the release of O2 in 
Li1.144-2xNi0.136Co0.136Mn0.544O2-x has been largely reduced by a surface 
oxygen vacancy. Ma et al. [16] modelled and revealed that oxygen 
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vacancies affect the coordination of Mn and enhance the structural 
stability. Pei et al. [17] showed that the oxygen vacancies could trap O-O 
dimers through the reductive coupling and enhance the reversibility of 
anion redox. However, single oxygen vacancy could not yield a solid 
protection and cannot support long-term cycling. Spinel phase with a 
good structural compatibility with LLO has been introduced to coat LLO 
and it was demonstrated to suppress the anionic redox and improve the 
Li+ diffusion. For example, LiMn2O4-like spinel phase doped in 
Li1.2Mn0.54Ni0.13Co0.13O2 exhibited an improved initial Coulombic effi-
ciency from 67% to 75%, but with serious Mn dissolution [18]. 
LiNixMn2-xO4, LixTM3-xO4 and Li4Mn5O12 were further developed to 
suppress lattice O loss and Mn dissolution [19–21]. Among them, 
Li4Mn5O12 spinel has less lattice mismatch with the bulk layered 
structure and higher oxidation state of Mn4+, which is in favor of Li+

transport, the inhibition of Jahn-Teller distortion and the dissolution of 
Mn [22]. Mn4+ in the Li4Mn5O12 spinel phase only can be reduced to 
Mn3.4+ rather than Mn3+ [23]. Introducing oxygen vacancy to LLO with 
spinel coating layer would suppress the release of O2 and maintain the 
structural integrity, but how to simply add both into LLO is still big 
challenging. 

In this work, we integrated LLO with Li4Mn5O12 outlayer and 
interfacial oxygen vacancies (SLLO) via a universal oxalic acid assisted 
delithiation process. Characterizations and calculations revealed that 
the Li4Mn5O12 spinel phase originated from the Li2MnO3 component of 
LLO via H+/Li+ exchange and subsequent a heat-treated process, and 
oxygen vacancies were mainly in the layer/spinel interface. SLLO 
demonstrated a higher initial Coulombic efficiency of 97% than LLO of 
83%. The product with 7.5% Li4Mn5O12 coating layer and 4.7% inter-
face oxygen vacancy (SLLO-2) exhibits the best cycling stability and rate 
capability. The electrochemical impedance spectroscopy (EIS) results 
reveal that the lithium ion diffusion coefficient has been enhanced with 
Li4Mn5O12 coating layer and oxygen vacancy. The characterizations of 
SLLO-2 electrode after cycling show that Li4Mn5O12 as a good coating 
layer largely suppresses the side reaction and maintains the structural 
stability. The first-principle calculations indicate that the covalency 
between TM and oxygen and the density of the state of O 2p band 
decrease, and local spin density of Mn near interface oxygen vacancy 
increases and then can act as a redox buffer for anionic oxidation. Ex-gas 
chromatography (GC) and differential electrochemical mass spectrom-
etry (DEMS) display that the interface oxygen vacancies can largely 
reduce the release of irreversible O2 loss. This work provides a new 
strategy to quantitatively compose high performance LLO with layer/ 
spinel heterostructure and oxygen vacancy for the next generation high 
energy density cathode. 

2. Experimental section 

2.1. Material synthesis 

Mn(CH3COO)2⋅4H2O, Co(CH3COO)2⋅4H2O and Ni(CH3COO)2⋅4H2O 
with concentration of 2.0 M was mixed in the ethylene glycol; then 
NH4HCO3 solution was added dropwise under vigorously stirring for 1 h; 
finally, the sealed Teflon ware was put into a stainless steel autoclave 
and hold at 180 ◦C for 10 h. The resulting pink precipitates 
(Mn0.67Co0.17Ni0.17)CO3 were centrifuged and dried at 80 ◦C and then 
calcined at 500 ◦C for 5 h. The synthesized oxide precursor was mixed 
with LiOH⋅H2O and sintered at 800 ◦C for 12 h to get Li-rich layered 
oxide material (LLO). 

To prepare the layer/spinel Li-rich material (denoted as SLLO), For 

SLLO-1, 0.1 g C2H2O4 was dissolved in 60 mL ultra-pure water and after 
that 0.5 g LLO was dispersed in the above solution with stirring for 30 
min. For SLLO-2, the acid leaching time was prolonging to 60 min. For 
SLLO-3, leaching time was similar to SLLO-2, but the concentration of 
C2H2O4 was double. In order to explore where the spinel phase originate 
from, we also used the similar method to prepare Li2MnO3 and LiNi1/ 

3Co1/3Mn1/3O2 respectively, and treat them with the same molar con-
centration of oxalic acid for the same time and 500 ◦C sintering in air. 

2.2. Material Characterization 

Scanning electron microscopy (SEM, FEI Quanta 250 FEG) and 
transmission electron microscopy (TEM, FEI Talos F200X), high reso-
lution TEM (HRTEM) and corresponding fast Fourier transform (FFT) 
were utilized to demonstrate the morphologies and structures of sam-
ples. EDS (TEAM PV6300) was used to detect the contents and distri-
bution of various elements. Inductively coupled plasma optical emission 
spectroscopy (ICP-OES, SPECTRO ARCOS MV) was used to investigate 
the metal elements ratio in the as-obtained samples. The pore structure 
and specific surface areas of as-prepared sample were characterized by 
means of N2 sorption isotherms with Gold APP instrument and calcu-
lated by Brunauer-Emmett-Teller (BET) method. The X-ray diffraction 
(XRD, Rigaku UltimalV, Japan) was carried out to analyze the structure 
information at a scanning rate of 3◦ min− 1 from 10◦ to 80◦. The Rietveld 
refinements of lattice constants, atomic occupancies and phase constit-
uents were performed by the Fullprof software package, where R-3 m 
phase with higher symmetry was applied to simplify the lattice param-
eters. Raman scattering was executed to determine the phase structure 
in a Raman spectrometer (WITec alpha 300R, Ulm, Germany) using 532 
nm wavelength laser. The fitting results are according to Gauss peak 
function. X-ray photoelectron spectroscopic (XPS, AXIS SUPRA) was 
performed to characterize the chemical environment and valent state. 
XPS PEAK 4.1 soft was used to fit peaks. Thermogravimetric analysis 
(TGA) was carried out on a PerkinElmer TGA at a heating rate of 10 ◦C 
min− 1 in flow air from room temperature to 800 ◦C. The Differential 
Scanning Calorimeter (DSC) measurement was conducted to probe the 
thermal stability with a PerkinElmer 4000 thermal analyzer from the 
ambient of 30 to 350 ◦C at a ramp rate of 10 ◦C min− 1. Electron para-
magnetic resonance (EPR) measurement was conducted to determine 
the content of oxygen vacancy by a Bruker EMXPLUS instrument with a 
modulation frequency of 100 KHz. GC (9890A, China) measurement was 
utilized to detect the releasing gaseous compositions from V-type cells. 
The DEMS experiment was conducted according to our previous reports 
[24]. 

2.3. Electrochemical measurements 

The cathode electrode slurry was prepared by mixing active mate-
rials (LLO and SLLO), acetylene black and PVDF with a weight ratio of 
8:1:1 in N-methyl pyrrolidone and casted on aluminum foil. After drying 
at 120 ◦C for 12 h in a vacuum oven, the electrode was cut into disks of 
12 mm diameter. The prepared cathode and lithium metal anode, 
separator (Celgard 2300) and the electrolyte with 1 M LiPF6 in a mixture 
of EC, DEC and EMC (EC: DEC: EMC = 3:2:5 in weight) were assembled 
CR2025 coin cells in a glovebox under an argon atmosphere. All cells 
were aged 12 h before testing. The charge–discharge tests were per-
formed on a Land CT 2001A testing system (Wuhan, China) in the 
voltage range between 2.0 and 4.65 V at the 25 ◦C with different current 
densities. Before cycling in 0.3C and 1C (1C = 200 mAh g− 1), the cells 
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were activated at 0.1C for three cycles. The electrochemical impedance 
spectroscopy (EIS) was measured using an electrochemical workstation 
(PGSTAT-30) in the frequency range from 100 kHz to 0.01 Hz. The V- 
type cells were charged to 4.8 V at 0.1 mV s− 1 scan rate and keep 20 h at 
4.8 V. 

2.4. Computation method 

The first-principles calculations based on the Density Functional 
Theory (DFT) were performed using the CASTEP [25]. The Perdew- 
Burke-Ernzerhof (PBE) exchange–correlation functional [26] within 
the generalized gradient approximation (GGA) was employed to 
describe the exchange–correlation energy. The projector-augmented- 
wave (PAW) [27] method was adopted for the pseudopotentials. The 
energy cutoff for the plane wave basis expansion was set to 450 eV. The 
primitive cell of Li5Mn7O16 (Fd-3 m with spinel structure) and 2 × 2 × 1 
supercell of Li7CoNiMn3O12 (R-3 m with layered structure) were used, 

and a vacuum region of 10 Å above Li5Mn7O16/Li7CoNiMn3O12 (layer/ 
spinel structure) slab was used to ensure the decoupling between 
neighboring systems. The geometry optimizations were performed until 
the forces on each ion was reduced below 0.01 eV Å− 1, and the 
Monkhorst-Pack k-point [28] sampling was set to 5 × 5 × 5, 5 × 5 × 3 
and 5 × 5 × 1 for Li5Mn7O16, Li7CoNiMn3O12 and Li5Mn7O16/Li7Co-
NiMn3O12, respectively. The van der Waals interaction has been 
considered using the Grimme dispersion scheme [29]. To improve the 
description of electronic structures, DFT + U approach has been 
employed, with U = 3.10 eV, 3.40 eV and 3.40 eV for Mn, Co and Ni 
based on early publications [30]. 

3. Results and discussion 

Fig. 1a schematically illustrated the formation of SLLO: (1) the ex-
change of surface Li+ with H+ in oxalate acid, and (2) the removal of 
H2O and O2 at 500 ◦C heat-treatment, accompanied by the formation of 

Fig. 1. (a) Schematic diagram of the acid leached interface engineering. SEM images of (b) LLO, (c) SLLO-1, (d) SLLO-2 and (e) SLLO-3. Raman spectra and the fitting 
results of (f) LLO, (g) SLLO-1, (h) SLLO-2 and (i) SLLO-3. 

Fig. 2. (a) XRD patterns of the as-obtained samples, (b) the magnified splitting pair peaks of (006)/(012) and (018)/(110), (c) the magnified (003) and (104) 
diffraction peaks, (d) the shoulder peaks of SLLO. Riveted refinement results of (e) LLO and (f) SLLO-2. 
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surface spinel phase and oxygen vacancies. In order to clarify where Li+

ions is exchanged in step 1, so two phases (Li2MnO3 and LiMn1/3Ni1/ 

3Co1/3O2) in LLO do the same treatment with oxalate acid. XRD patterns 
in Fig. S1a-b show the structure of LiNi1/3Co1/3Mn1/3O2 remained the 
same and (003) peak position does not shift, revealing no appreciable 
variation of interplanar space. While for Li2MnO3 in Fig. S1d-e, (002) 
peak shift to a smaller angle, suggesting lattice constant has changed. 
The Raman spectrum of LiNi1/3Co1/3Mn1/3O2 in Fig. S1c also exhibits 
the vibration mode remained unchanged but a shoulder appeared at 651 
cm− 1 for Li2MnO3 in Fig. S1f. This shoulder is a typical A1g vibration in 
spinel phase [7]. The above results and following XPS demonstrate that 
the spinel phase is likely formed possibly through the following re-
actions:   

Fig. 1d-e show that all samples have a good porous micro-nano 
morphology, the primary particles are densely stacked and composed 
of large secondary particles. The average second particle size is about 
1–2 μm, which inherits from the (Mn0.67Co0.17Ni0.17)CO3 precursor 
(Fig. S2). As shown in Fig. S3, the BET surface area is 6.4 m2 g− 1 and 8.3 
m2 g− 1 for LLO and SLLO-2. The N2 absorption–desorption isotherms in 
Fig. S3 a-b present a hysteresis loop between desorption and adsorption 
for both samples, revealing the characteristic of porous structure. The 
pore size distribution curves in Fig. S3 c-d exhibit the hierarchical 
porous structure with pore distributed from 1 nm to 120 nm for both 
sample. SLLO-2 demonstrates larger pore volume with more aggregated 
pore size at around 10 nm. The EDS line scanning in Fig. S4 displays that 
TM elements are distributed uniformly across the microspheres and the 
atomic ratio of Mn, Ni and Co are close to theoretical ratio. The ICP-OES 
results (Table S1) show that TM elements have not changed but Li 

Fig. 3. (a) HRTEM image, (b-e) elements mapping of Co, Mn, Ni and O in LLO. (f) TEM image and corresponding polycrystalline SAED patterns of SLLO-2, (g) 
HRTEM image of SLLO-2, (h-k) elements mapping of Co, Mn, Ni and O in SLLO-2. 
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decreased, which is attributing to the exchange Li+ with H+. 
The Raman spectra in Fig. 1f-i show typical vibration features of LLO: 

the peak positions of the yellow region around 600 cm− 1 and 480 cm− 1 

correspond to M− O stretching (A1g) mode and O-M− O bending (Eg) 
mode of R-3 m structure, the red peak areas at 410 cm− 1 are assigned to 
the presence of Li2MnO3 (space group: C2/m) [31], indicating that the 
layered structure of the modified samples is well maintained and this is 
in good agreement with the XRD results. A shoulder band at 650 cm− 1 

appearing in SLLO is ascribed to the Mn-O stretching vibrations in 
Li4Mn5O12 spinel phase with Fd-3 m space group [7]. After fitting, the 
spinel phase in SLLO-1, SLLO-2 and SLLO-3 are estimated to be 
approximately 4.9%, 7.5% and 11%. 

XRD patterns in Fig. 2a show all samples have narrow and sharp 
peaks, indicating good crystallinity. All strong peaks are well indexed to 
a rhombohedral phase with R-3 m structure, and several weak peaks 
between 20◦ and 25◦ could be attributed to a monoclinic Li2MnO3 phase 
with C2/m space group [32]. The clear splitting of (006)/(012), (018)/ 
(110) pair peaks in Fig. 2b reveal that all the samples have a good layer 
structure, which indicate the main structure of SLLO has not changed. As 
shown in Fig. 2c, the peak intensity ratio of I(003)/I(104) is 1.59 for 
LLO and 1.55 for SLLO-2, respectively, which reveals that both sample 
have low Li/TM mixing [33]. As shown in Fig. 2c, (003) and (104) 
peaks of modified samples are left-shifted implying that the lattice 

expansion, which may be attributed to more TM ions occupying the 
lithium slabs due to the existence of spinel phase. Fig. 2d shows shoulder 
peaks on the left of (101) and (104) peaks of SLLO sample, which can be 
ascribed to the formation of spinel phase with cubic close-packed oxy-
gen stack [21]. The refined results display in Fig. 2e,f and Table S3, 
Table S4. The weight fraction of R-3 m structure in LLO and SLLO-2 
exhibits no significant differences, while C2/m structure in SLLO-2 re-
duces to 33.50%, compared with 41.36% in LLO. In addition, the newly 
formed of spinel Fd-3 m phase is 7.5% in SLLO-2, which is almost equal 
to the reduced C2/m structure and further suggests that the spinel phase 
is mainly converted from Li2MnO3 phase. The lattice parameters of LLO 
are a = 2.84 Å, and c = 14.19 Å, while a = 2.84 Å, and c = 14.20 Å for 
SLLO-2. The expansion of c indicates the surface spinel phase may bring 
about oxygen vacancy via sharing O atom [18]. Both of the c/a ratio for 
the hexagonal unit cell of the pristine LLO (4.996) and SLLO-2 (5.000), 
respectively, indicating the layered bulk structure has not been much 
changed but the heterojunction interfaces induced by surface spinel 
phase is full of vacancies [34], which been confirmed by oxygen occu-
pancy in the refined results (Table S4). Specifically, the amount of ox-
ygen vacancies in the LLO and SLLO-2 samples were determined to 2.4% 
and 4.7%, respectively. 

The inset images in Fig. 3a,f reveal that two samples exhibit uniform 
hollow microspherical structure. TEM-EDS shown in Fig. 3b-e, h-k 

Fig. 4. XPS spectra of (a) Mn 2p, (b) Ni 2p, (c) Co 2p, (d) Mn 3 s, and (e) O 1 s for the as-obtained samples. (f) Room temperature EPR spectra of the as-obtained 
samples. Structure models of (g) the spinel structure with Fd-3 m (Li5Mn7O16), (h) the layered structure with R-3 m (Li7CoNiMn3O12), and (i) the layer/spinel 
structure (Li5Mn7O16@Li7CoNiMn3O12). 
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reveals that Co, Ni, Mn and O distributed uniformly in both samples. The 
spacing of the lattice planes are 0.476 nm for LLO (Fig. 3a), which is 
attributed to (003) spacing in the layered structure in corresponding 
FFT image [35]. The selected area electron diffraction (SAED) of SLLO-2 
in Fig. 3f shows the second particle is polycrystalline and its electron 
diffraction rings contain layered and spinel characteristics, in which four 
diffraction rings is well indexed to (111), (220), (222) and (331) 
planes of Fd-3 m spinel phase and the remained rings belong to the 
layered (R-3 m and C2/m) phase [36]. HRTEM images along the 
[ − 110] zone axis in Fig. 3g exhibits the spinel phase coating layer with 
thickness of 5–10 nm is well integrated at the surface of SLLO-2. In the 
layered/spinel heterostructure, a lattice spacing of 0.478 nm represents 
(003) plane in hexagonal LiMO2 layered phase while a d-spacing of 
0.248 nm corresponds to (222) plane in cubic Li4Mn5O12 spinel phase 
[22]. The enhanced (003) spacing of SLLO-2 sample might be attributed 
to the presence of spinel phase and oxygen vacancy with larger elec-
trostatic repulsion [37]. 

The XPS survey spectra were exhibited in Fig. S5, Mn 2p, Ni 2p, Co 
2p, Mn 3 s and O 1 s spectra were presented in Fig. 4a-e. The spectra of 
transition metals and oxygen showed no shift of the peak positions 
within pristine LLO and SLLO. The dominant peaks of 2p at binding 
energies of 642.3, 845.3 and 780.5 eV represent Mn4+, Ni2+ and Co3+ in 
both LLO and SLLO [33]. Typically, the distance between the two peaks 
of Mn 3 s has been used to approximate the average oxidation state 
(AOS) by the equation [38]:  

AOS = 8.956–1.126△E.                                                                  (2) 

The fitting analysis of Mn 3 s spectra reveals that there is Mn4+ at the 
surface for LLO and SLLO. According to the above results, the surface 
oxidation states of Ni/Co/Mn in SLLO have not been influenced by the 
spinel structure, which further demonstrates that the spinel structure in 
SLLO should belong to the Li4Mn5O12-type. 

In Fig. 4e, all the O1s spectra display three distinct characteristic 
peaks at near 529.2 eV, 531 eV and 532 eV, which is corresponding to 
the lattice oxygen (M− O), the O state in the oxygen vacancy and the 
carbonate species [39–40]. From the XPS result fitting and acid alkali 
titration experiment (Table S5), the surface carbonate species are almost 
the same in LLO and SLLO sample. Fig. S6 shows the proportion of 
oxygen vacancy increased with the increase of the formed spinel phase, 
which reveals the spinel phase is favorable to generate oxygen vacancy. 
Fig. 4f presents the pristine and modified samples exhibit a sharp EPR 
signal at g-factor 2.005, showing the presence of oxygen vacancies in 
LLO and SLLO [41]. It is found that the oxygen vacancies concentration 
is increased with the increase of spinel phase (Table S6), which is 
consistent with the XPS and XRD results. As oxygen vacancies can be 
filled with oxygen, thereby the sample with oxygen vacancies will loss 
less weigh at high temperatures [42]. As shown in TG curve (Fig.S7), the 
first weight loss region around 100 ◦C is attributed to adsorption and 
H2O, while the second weight loss from 450 ◦C to 800 ◦C is corre-
sponding to lattice oxygen escaping and decomposing of carbonate 
species. The less weight loss of SLLO-2 might be attributable to oxidation 
at elevated temperature with oxygen vacancies filled. 

Fig. 4g-i exhibits the structure model with oxygen vacancies, where 
one oxygen vacancy is formed in the spinel, layer and layer/spinel 
interface. The formation energies of oxygen vacancy were calculated by 
the following formulas:  

Eform = E(vacancy) - E(pure) + μ(O) (3) 

Where E(pure) is the total energy of the represent model of spinel 
(Li5Mn7O16), layer (Li7CoNiMn3O12), and Li5Mn7O16/Li7CoNiMn3O12. E 
(vacancy) is the total energy of the above structure with oxygen vacancy 
and μ(O) is the chemical potentials of O atom. Regarding the location of 
oxygen vacancies, three models were calculated, in which one of the 
lowest energy was regarded as the most optimized position [43]. For 

Fig. 5. Electrochemical performances of the as-obtained electrode. (a) Initial charge–discharge curves at 0.1C, 2.0–4.65 V, (b) capacity contribution above 4.45 V 
and under 3.3 V, (c) comparison of the initial Coulombic efficiency of our work and other reports, (d) corresponding dQ/dV profiles, (e) the rate capability, (f) the 
cycling stability and corresponding Coulombic efficiency at 0.3C, (g) the plots of average discharge voltage vs. cycles, (h) the cycling performance and corresponding 
Coulombic efficiency at 1C. 
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Li5Mn7O16 (Fd-3 m) (Fig. 4g), the energy barrier of oxygen migration is 
calculated to be about 2.63 eV. However, as for the Li7CoNiMn3O12 (R-3 
m) (Fig. 4h), the oxygen migration energy barrier increases to 3.17 eV, 
indicating the more difficult oxygen migration than spinel phase. While, 
for Li5Mn7O16/Li7CoNiMn3O12 heterostructure (Fig. 4i), the oxygen 
migration energy barrier decreased to 2.36 eV, which reveal that the 
oxygen vacancy is more easily to occur at their interface [17]. Compared 
with layered structure, the spinel phase with 3D Li+ diffusion channels 
exhibits excellent Li+ diffusion kinetics. Interface oxygen vacancies 
would hinder the outward migration of oxygen anions, and maintain 
structural integrity and improve reversible capacity [44]. 

Fig. 5a displays the initial charge/discharge profiles of LLO and 
SLLO. All of them show a similar lithium insertion/extraction behavior, 

consisting of a slope and a plateau region. The slope region below 4.45 V 
is mainly attributed to the oxidation reactions of cationic ions, the 
plateau region at around 4.45 V is associated with the Li+ further 
extraction from the TM layer with oxygen anion oxidation [45]. In 
Fig. 5b, the capacities at 4.45 V decrease from 215, to 205, 192, and 180 
mAh g− 1 for LLO, SLLO-1, SLLO-2 and SLLO-3 respectively, indicating 
less lattice oxygen releasing in SLLO [46,47]. The initial discharge ca-
pacities of the LLO, SLLO-1, SLLO-2 and SLLO-3 are 295, 307, 303 and 
293 mAh g− 1, and the Coulombic efficiency is 83%, 91%, 94% and 97%, 
respectively, which is attributed to highly reversible anionic redox in 
SLLO [46]. For comparison, the initial Coulombic efficiency results for 
other modifications such as only oxygen vacancies [1,7], only spinel 
phase coating [3,18,22,36,37,39,61] are also included in Fig. 5c. It can 

Fig. 6. (a, b) The projected density of states (pDOS) and (c,d) spin density differences of (a, c) LLO, (b, d) SLLO-2. The up- and down-spin electrons are in yellow and 
blue, respectively, (e) schematic diagram of 3d orbitals electronic state of Mn. XPS in-depth patterns for Mn of (f) LLO and (g) SLLO-2. 
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be seen that this work integrated both oxygen vacancies and Li4Mn5O12 
greatly improves the reversibility of anionic redox. The gas evolution 
has been conduct by V-type cell and detected by GC. As shown in 
Fig. S8a-d, the electrolyte levels of before and after charging in SLLO-2 
has less change than LLO, suggesting less gas generation for SLLO-2 
[48]. GC (Fig. S8e) demonstrates that the main components of the gas 
are oxygen and carbon oxides. The oxygen comes from the irreversible 
lattice oxygen releasing from LLO and SLLO, while the carbon oxides 
come from the decomposition of electrolyte. Compared with LLO, SLLO- 
2 releases less oxygen and carbon oxides during charging. The DEMS 
results in Fig. S9 also verify the O2, CO2 and CO evolution in SLLO-2 is 
mitigated. The discharge capacity below 3.3 V of SLLO (127 mAh g− 1 for 
SLLO-1, 143 mAh g− 1 for SLLO-2 and 130 mAh g− 1 for SLLO-3) is higher 
than the LLO (99 mAh g− 1), which is attributed the characteristic Mn4+

reduction, and is relative to excess Li+ insertion into the empty 16c 
octahedral sites of spinel Li4Mn5O12 [49]. As shown in differential 
charge and discharge curves (Fig. 5d), the first oxidation peak about in 
the 3.8 V is the oxidization of cationic ions. The very strong oxidation 
peak (around 4.45 V) could be attributed to the oxidation of lattice 
oxygen. Three peaks appear in discharge profiles for all samples: Re1 at 
4.45 V is related to the reduction of oxygen anions, Re2 at 3.8 V is the 
reduction of Ni4+/Ni2+ and Co4+/Co3+, Re3 at 3.4 V is attributed to the 
reduction of Mn4+/Mn3+ [50]. Comparing with the pristine sample, a 
new reduction peak Re4 at 2.8 V (black rectangle in Fig. 5d) is observed 
in SLLO, attributing to the insertion of Li+ accompanied with Mn4+

reduction [51–52]. The corresponding integral areas of Re4 from SLLO-1 
to SLLO-2 increase while for SLLO-3, it decreases, which is ascribed to 
the lower theoretical capacity of Li4Mn5O12 spinel phase [18,24]. The 
best content of the spinel phase is estimated to be approximately 7.5%. 

As shown in Fig. 5e, the SLLO samples enhance the rate capability 
and improve the capacity recovery after high rate cycles. At the rate of 
4C, the capacity of SLLO-2 is 158 mAh g− 1, larger than 101 mAh g− 1 in 
the LLO. Fig. 5f shows that SLLO-2 delivers a highest capacity of 253 mA 
g− 1 and exhibits the best cycle performance at 0.3C after 200 cycles with 
capacity retention of 88%, compared to 63% for LLO, 77% for SLLO-1 
and 74% for SLLO-3. After 200 cycles at 0.3C, the discharge capacity 

of SLLO-2 maintained at 222 mA g− 1 higher than that of the LLO (159 
mAh g− 1), SLLO-1 (197 mAh g− 1), and SLLO-3 (188 mAh g− 1). The 
Coulombic efficiency in SLLO is higher and more stable. As shown in 
Fig. 5g, the average discharge voltage decay of LLO is about 0.61 V (3.1 
mV per cycle), SLLO-1 is about 0.51 V (2.5 mV per cycle), and SLLO-3 is 
about 0.53 V (2.6 mV per cycle), while for SLLO-2 is only 0.37 V (1.8 mV 
per cycle) after 200 cycles, which indicates that SLLO can well suppress 
voltage decay thus keep the structure integrity. As shown in Fig. S10a,c, 
SLLO-2 electrode shows obviously less capacity decline and voltage 
decay than the LLO from the 50 cycles to 200 cycles. In Fig. S10b,d, the 
overlap of dQ/dV curves among different cycles for LLO is worse than 
SLLO-2, indicating the more serious electrochemical reaction revers-
ibility. It is worth noting that with the cycle number increase, the 
voltage of Re3 peak for LLO shifts from 3.3 V to 2.7 V, while from 3.0 V 
to 2.9 V for SLLO-2. According previous reports, Re3 move towards to 
lower potential is mainly ascribed to the transition from the layered 
structure to defect spinel structure, which always caused by the initial 
irreversible oxygen loss [37]. As for LLO, there are more oxygen release 
than SLLO-2, thus more TM ions migrated into the Li ion vacancies to 
form amorphous spinel phase and continuous decrease the value of 
Mn4+ to Mn3+. Jahn-Teller distortion of Mn3+ would further lead 
manganese dissolution and break the structure integrity [22]. However, 
these phenomena are largely suppressed by the Li4Mn5O12 coating layer 
and their interface oxygen vacancies for the sample of SLLO, which have 
been confirmed by the following XPS and TEM results after cycling. As 
shown in Fig. 5h, the discharge capacities at 1C of the LLO and SLLO-2 
samples are 240, 256 mAh g− 1, with capacity retention of 55%, 74% 
after 300 cycles. DSC was applied to evaluate the alleviated loss of lattice 
oxygen after modification. It can be seen from Fig. S11 that the main of 
the exothermic peak for charged LLO at 195 ◦C while the SLLO-2 rises to 
202 ◦C. The heat generation is reduced from 192 J g− 1 to 139 J g− 1 for 
LLO and SLLO-2, suggesting better thermal stability for the SLLO-2, 
which is due to less irreversible anion redox [53]. 

Density of states (DOS) and spin density differences (SDD) LLO and 
SLLO-2 with one oxygen vacancies were calculated and the results are 
shown in Fig. 6. The projected density of states (pDOS) plots of two 

Fig. 7. (a) Nyquist plots of the electrodes and the corresponding equivalent circuit (inset) after 3cycles at 0.1C, (b) EIS spectra of electrode after 200 cycle at 0.3C, (c) 
the fitting results of the 3cycles and 200 cycles, (d) the relationship plot between Z’’ and ω− 1/2 derived from the low frequency region of the corresponding elec-
trochemical impedance spectra. 
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samples was further performed to get the outline of their electronic 
structure. The corresponding results in Fig. 6a, b reveal that the elec-
trical conductivity of LLO and SLLO-2 with oxygen vacancy has been 
improved when compared with the literatures without any modification 
because there are some obvious electron density of TM 3d and oxygen 2p 
in the vicinity of the Femi energy [40]. In addition, the pseudogap in 
LLO is 0.58 eV broader than SLLO-2 and the overlap between TM 3d and 
O 2p in LLO is more than SLLO-2. This phenomenon indicates that TM-O 
in SLLO-2 has lower covalence [54], which will alleviate charge 
compensation of anionic O [55]. When compared with the SDD (Fig. 6c, 
d) of Ni, Co and Mn in two samples near oxygen vacancies, it observes 
significant difference (more blue) of Mn, which means that the local 
electrons environment of Mn-O has been changed with interface oxygen 
vacancy [56]. According to calculated results, the difference between 
majority spin (up) and minority spin (down) in SLLO-2 is larger than 
LLO, indicating more unpaired electrons near Mn of SLLO-2. As for the 
the 3d orbitals electronic state of Mn in TMO6 octahedral structure 
(Fig. 6e), Mn3+ with more unpaired electrons than Mn4+, indicating the 
valence of Mn will decrease near oxygen vacancies, which is confirmed 
by the following XPS depth profile. In Fig. 6f,g, LLO and SLLO-2 are 
etched according to the depth of spinel phase in TEM. As for LLO, the 
valence state of Mn still maintains as the surface with etching time from 
0 s to 30 s. While for SLLO-2, when etching at 10 s the valence state of 

Mn is reduced to + 3.87, and then reverts to + 3.95 at 30 s, which is 
attributed to the existence of rich interfacial oxygen vacancies, making 
local manganese coordination environments being changed. Such un-
paired electrons can act as a buffer for charge compensation [57], which 
is in good agreement with the initial electrochemical performances. 

Fig. 7 displays EIS plots after different cycles. In the Nyquist plot, 
they all contain one or two semicircles and a slop line, which can be well 
fitted by the equivalent circuit (embedded in Fig. 7a). The small inter-
rupt in the Z’ axis corresponds to the Ohmic resistance of the cell (Rs), a 
semicircle at the high frequency represents the solid electrolyte interface 
(SEI) film resistance (Rf) and a semicircle at medium frequency region is 
associated with charge transfer resistance (Rct), when the values of 
CPE1 and CPE2 are close, two semicircles will be merged to one pressed 
semicircle (as shown in Fig. 7a), the slope line in the low frequency 
region relates to Warburg impedance [58]. Based on above fitting, the 
simulated electrochemical parameters shown in Table S7 demonstrate 
that LLO and SLLO-2 exhibit similar impedance after 3cycles (Fig. 7a) at 
0.1C. The Rct values of LLO and SLLO-2 cells are 417 and 381 Ω, 
respectively. However, in Fig. 7b, after 200 cycles at 0.3C the Rct value 
of LLO is 1227 Ω, much larger than SLLO-2 of 393 Ω, implying that the 
spinel phase can improve Li+ diffusion and suppress structure evolution. 
The diffusion coefficients of lithium ions in LLO and SLLO-2 electrodes 
can be evaluated from the following equation and all constant is 

Fig. 8. Electrodes after 300 cycled at 1C, SEM images of (a) LLO and (b) SLLO-2, HRTEM images of (c) LLO and (d) SLLO-2, (e) XRD patterns and (f) XPS spectra of 
Mn 3 s. 
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described as previous reports [34,18]:  

DLi
+ = R2T2/(2n4A2F4C2σ2)                                                                (4) 

After calculation, the diffusion coefficient was 1.0 × 10− 13 cm2 s− 1 

for SLLO-2 electrode at 200 cycles, which is higher than that of 3.0 ×
10− 14 cm2 s− 1 for LLO electrode. Also, the lower Rf of SLLO-2 may be 
attributed to the stable electrode/electrolyte interface originated from 
Li4Mn5O12 coating layer, which can decrease manganese dissolution and 
Jahn-Teller distortions. It is informed that the Li4Mn5O12 spinel phase 
and oxygen vacancies on the SLLO-2 can suppress phase transition, 
accelerate lithium ion transmission, which is consistent with the high 
capacity retention as demonstrated by the cycling tests. 

SEM image after cycled in Fig. 8a shows the broken secondary par-
ticles of the LLO sample with electrolyte corrosion. In Fig. 8b, the SLLO- 
2 sample exhibits intact porous micro-nano structure and no obvious 
cracks, which is ascribed to the protecting effects of spinel phase and the 
presence of oxygen vacancies. HRTEM images (Fig. 8c) show obvious 
defects (marked by blue lines) in the LLO, which could be attributed to 
an intermediate structure from layered structure to defect spinel phase 
[59], while SLLO-2 maintains its layered structure (Fig. 8d). XRD pat-
terns after cycled in Fig. 8e reveal that (018)/(110) diffraction peaks of 
LLO disappear, while SLLO-2 remains with splitting. The peak splitting 
in XPS spectra (Fig. 8f) for LLO and SLLO-2 is 5.1 and 4.6 eV, so the 
average Mn oxidation states are + 3.21 and + 3.77 [38], respectively. 
The valence state of Mn also demonstrates that the surface of LLO is 
transformed into defect spinel phase, while SLLO-2 is maintained most 
Li4Mn5O12 spinel phase. Compared to the defect spinel phase, the 
Li4Mn5O12 can mitigate Jahn-Teller effect and suppress TM dissolution, 
thus reduce the reactions between electrode and electrolyte. As shown in 
the P 2p spectra (Fig. S12a) and F1s spectra (Fig. S12b) of the elec-
trodes after cycling, LixPFy (134.5 eV), LixPOyFz (136.5 eV) and LiF 
(685.5 eV) are related to the LiPF6 hydrolysis [39,60]. The O1s spectra 
in Fig. S12c consisted of M− O, and solution decomposition species of C 
= O and C-O [61]. The larger M− O peak and less C = O and C-O peaks in 
SLLO-2 indicate that the dissolution of transition metals and the car-
bonate solvents decomposition species is largely suppressed. From these 
results, it reveals that the decomposition of the lithium salt in two 
samples is less obvious than the solvent. The most likely reason is that 
the irreversible oxygen evolution species are easier to oxidize the car-
bonate solvents [62]. 

4. Conclusions 

The introduction of surface Li4Mn5O12 spinel layer and oxygen va-
cancies into LLO (SLLO) via H+/Li+ exchange and subsequent a heat- 
treated process has been demonstrated an efficient way to reduce the 
voltage decay and the irreversible release of oxygen. The LLO with 7.5% 
Li4Mn5O12 and 4.7% interface oxygen vacancies (SLLO-2) demonstrated 
a superior electrochemical performance with initial Coulombic effi-
ciency of 94%, and 88% capacity retention at 0.3C after 200 cycles. The 
improved electrochemical performance of SLLO is likely attributed to 
(1) good transport properties of surface Li4Mn5O12 layer, and (2) better 
stability of the surface layer against oxygen erosion, and (3) interface 
oxygen vacancies regulating the local Mn-O interaction to suppress the 
irreversible oxygen evolution. 
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