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Abstract: Ni-rich cathodes with superior energy densities have spurred extensive attention 

for Lithium-ion batteries (LIBs), whereas their commercialization is hampered by structural 

degradation, thermal runaway and dramatic capacity fading. Herein, boron (B) with high 

binding energy to oxygen (O) is gradiently incorporated into each primary particle and 

piezoelectric Li2B4O7 (LBO) is homogeneously deposited on the secondary particles of 

polycrystalline LiNi0.8Co0.1Mn0.1O2 (NCM811) surface through a facile in-situ construction 

strategy, intending to synchronously enhance electrochemical stabilities and Li+ kinetics upon 
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cycling. Particularly, the as-obtained LBO modified NCM811 cathode exhibits an excellent 

capacity retention (88.9% after 300 cycles, 1 C) and rate performance (112.2 mAh g−1, 10 C) 

with Li metal anode, the NCM811-LBO/Li4Ti5O12 full cell achieves a capacity retention of 

92.6% after 1000 cycles (0.5 C). Intensive explorations in theoretical calculation, multi-scale 

in/ex-situ characterization and finite element analysis ascertain that the improvement 

mechanism of LBO modification can be attributed to the synergistic contributions of rational 

designed O release buffer and interface cation self-accelerator. This work provides a facile 

and practical method to prevent structural degradation and thermal runaway for high-energy 

LIBs. 

1. Introduction 

Safe and sustainable high-energy cathodes are indispensable for the development of 

next-generation lithium-ion batteries (LIBs) in a broad range of practical applications, such as 

the commercial deployment of electric vehicles (EVs).[1] Particularly, Ni-rich layered oxides 

LiNixCoyMn1−x−yO2 (x > 0.6) are currently employed as power supplies for EVs owing to their 

superior discharge capacity (> 200 mAh g−1), high output voltage (3.8 V) and environmentally 

friend characteristics.[2] Nevertheless, the commercial polycrystalline Ni-rich cathodes, 

generally experience anisotropic lattice variation upon cycling, which could result in the 

generation of lattice stress and the formation of microcracks, inevitably aggravating 

detrimental side reactions and finally exacerbating the structural degradation as well as the 

performance decay.[3] From the electronic structure perspective, the t2g band of Co3+/4+ is 

almost overlapped with the top of O2− 2p, thus the oxidation of Co3+ under high-potential (> 

4.3 V vs. Li/Li+) will be accompanied with the escape of lattice O.[4] Additionally, the 

electrons located at eg orbitals of high-valence transition metal cations (TM, Ni4+ in particular) 

in highly delithiated cathodes spontaneously transfer to the 2p orbital of lattice oxygen, 

further aggravate the release of lattice O.[5] The O escape could bring in the migration of TM 

cations to neighboring Li slabs, resulting in phase transformation from layered to spinel 

structures, which blocks Li+ diffusion and thus incurs poor electrochemical performance.[6] 

Even worse, the released O2 will react violently with organic electrolytes, leading to severe 

thermal runaway.[7] It has been reported that the lattice O escape in Ni-rich materials might be 
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intensified from interior to surface.[8] Accordingly, the stability of cathode-electrolyte 

interface and bulk crystal structure should be systematically considered to develop safe, high 

energy density and longevity Ni-rich materials.[9] 

Substantial efforts have been made to subdue the aforementioned issues and improve the 

cycling stability of Ni-rich cathodes, wherein surface coating and doping heteroatoms with 

high binding energies to lattice O could effectively ameliorate the anisotropic strain 

accumulation and O2 segregation in Ni-rich cathodes.[10] Typically, NASICON-type 

Li1.4Y0.4Ti1.6PO4
[11] and inert Al2O3

[12] coating layers have been utilized to stabilize the 

structure of Ni-rich particles through alleviating stress accumulation and suppressing surface 

side reactions, which were found to be easily exfoliated from bulk materials upon cycling due 

to weak interaction, high lattice mismatch and dramatic anisotropic lattice contraction along 

the crystallographic c-axis.[13] Furthermore, surface coating cannot fundamentally address the 

awkward situation of microcracks inside secondary particles.[14] Once the crack penetrates 

through the encapsulation layer, the electrolyte will further impregnate among the secondary 

particles, eventually deteriorating the crack and leading to structural collapse. To stabilize 

lattice O and crystal texture, heteroatom doping (e.g., Mg2+, Ti4+) has been employed to 

alleviate O2 release and improve the structural stability through regulating O2− 2p bands,[15] 

simultaneously restraining microcracks upon cycling. Unfortunately, the proposed 

incorporated atoms were generally found to occupy the active Li+ or TM cation sites, resulting 

in obvious capacity decay.[16] Moreover, conventional modification strategies could only dope 

heteroatoms into the peripheral surface of secondary particles, which inhibit the contribution 

of heteroatom doping to a large extent in structural stabilization from alleviating O escape and 

microcracks growth.[17] Therefore, appropriate modification of materials and synthetic 

approaches are desiderated to address the stability concerns, including lattice O escape and 

stress-strain accumulation, aiming at eventually enhancing the cyclability of Ni-rich materials 

for LIBs. 

In this work, through an in-situ construction method (described in the Materials synthesis 

section), boron (B) with high binding energy to O (B─O: 809 kJ mol−1) was gradiently 

incorporated into each primary particle and piezoelectric Li2B4O7 (LBO, with a superior 
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piezoelectric coefficient of 8.76 pC N−1
 and ionic conductivity of 10−5

 cm2
 s−1) was 

simultaneously decorated on the secondary particles of LiNi0.8Co0.1Mn0.1O2 (denoted as 

NCM811-LBO) surface. The influence of B ion-doping on Ni-rich cathode has been hotly 

debated over the years, whereas the in-depth understanding is urgent to be established. Herein, 

based on intensive in-situ/ex-situ experimental investigations and calculations, the doping site 

of B cations in Ni-rich material and its effect on stabilizing lattice structure were 

comprehensively illuminated. The calculation results demonstrated for the first time that the B 

cations were inclined to be incorporated into the tetrahedral site of Li layer, forming strong 

covalent B─O bonds with adjacent O atoms, thus enhancing the O atom electronegativity to 

resist excessive oxidation during high-voltage charge compensation. Moreover, as a typical 

piezoelectric material, the deposited LBO compound effectively accelerated interfacial Li+ 

diffusion kinetics through introducing a local polarization electric field upon cycling. 

Theoretical calculation and finite element analysis further elucidated a reduced energy barrier 

for ion diffusion and weakened stress accumulation through B3+ gradient incorporation and 

LBO surface modification on NCM811. The as-obtained LBO modified NCM811 cathode 

exhibits an excellent capacity retention (88.9% after 300 cycles, 1 C) and rate performance 

(112.2 mAh g−1, 10 C) with Li metal anode. Furthermore, the NC811-LBO/Li4Ti5O12 full cell 

achieved 92.6% capacity retention after 1000 cycles under 0.5 C. This work not only provides 

a facile and pragmatic strategy for constructing uniform coating with superb structural 

compatibility and stability, but also opens up a new avenue to suppress the oxygen release in 

ultra-high voltage Ni-rich cathodes. 

2. Results and Discussion 

To elucidate the influence of B-doping on lattice O in Ni-rich sample, a detailed theoretical 

analysis was carried out and the corresponding results were demonstrated in Figure 1, Figure 

S1 (Supporting Information) and Table S1-3 (Supporting Information). Typically, a 3a × 3b × 

1c supercell of O3-LiNi0.8Co0.1Mn0.1O2 was employed as the structural model for density 

functional theory (DFT) calculations and the atoms permutation was illuminated in Figure 

S1a (Supporting Information). Previous reports have alleged that the B cations was more apt 

to being incorporated into the tetrahedral sites, forming BO4 tetrahedral or BO3 triangular  
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Figure 1. (a) Schematic crystalline structures of NCM811 and NCM811-LBO; (b) average 

Bader charge of O atom in BO4 tetrahedron and MO6 octahedrons (M = Ni, Co, Mn); (c) 

average oxygen vacancy formation energy; contour maps of charge density in (d) NCM811 

and (e) NCM811-LBO. 

configurations,[18] whereas the details remained ambiguous. According to the calculation 

results displayed in Figure S1b (Supporting Information) and Table S1 (Supporting 

Information), it was clear that the lattice structure with B-doping into Li layer tetrahedron 
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surrounded by Li-Li-Li-Co was more stable than others. Bader charge analysis was applied to 

ascertain the influence of B-doping on the Ni-rich microstructure (Figure 1b; Table S2, 

Supporting Information). The average charge nearby O atoms in BO4 tetrahedron was more 

negative than those in NiO6, CoO6 and MnO6 octahedron. This signified that each B─O bond 

introduced more negative charge for O atom (~ − 0.3 e), which was available to stabilize the 

O ligand framework, thus resisting excessive O escape during high-voltage charge. 

The O vacancy formation energies of pristine NCM811 and NCM811-LBO samples were 

further quantified to disclose the stabilizing effect of B-doping on lattice O. The 

corresponding results illustrated in Figure 1c and Table S3 (Supporting Information) clearly 

manifested that an increased energy value of 0.5 eV with the incorporation of B element into 

Li+ slab, indicating that lattice O was more difficult to escape from crystalline structure.[19] 

Additionally, an obvious stronger B─O covalent bond with introducing extra electrons for the 

O atom appeared in the modified samples according to charge density analysis (Figure 1d, e), 

coinciding with the Bader charge analysis. The calculation analysis herein provided solid 

evidence that the B-doping could effectively suppress the escape of lattice O. Moreover, the B 

doping in specific site (tetrahedral position in lithium layer) has been confirmed to serve as 

pillars in stabilizing the crystal structure of layered active materials in highly delithiated state, 

clearly supporting the previous assumption that B-doping suppressed lattice collapse of 

Ni-rich cathodes during H2→H3 phase transition.[20] 

The in-situ modification strategy to modified NCM811 cathode with LBO through a facile 

one-step annealing approach is illustrated in Figure 2a. Figure S2 (Supporting Information) 

and Table S4 (Supporting Information) exhibited the X-ray diffraction (XRD) patterns and the 

corresponding Rietveld refinement results of all as-synthesized samples, which proved that 

the in-situ modification would not destroy the layered structural.[2] The NCM811 precursor 

exhibited micron-sized secondary spherical particles with a flower-like morphology (Figure 

S3a, b, Supporting Information). After annealing at 800 °C, pristine NCM811 could be 

obtained with sphere-like secondary particles (~10 μm) tightly packed from smooth primary 

particles (Figure S3c, Supporting Information). As expected, the surface of NCM811-LBO  
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Figure 2. (a) Schematic illustration for the preparation of NCM811-LBO; (b) cross-section 

SEM image with element mappings (Ni and B) of NCM811-LBO; (c) HRTEM image and (d) 

TEM-EDS line scanning result for NCM811-LBO; XPS spectra for (e) Ni 2p, (f) B 1s and (g) 

corresponding normalized results with various argon ion etching time; (h) phase images of 

LBO detected by PFM technique; (i) XANES and (j) EXAFS spectra at Ni-edge for NCM811 

and NCM811-LBO.  
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become obscure (Figure S3d, Supporting Information), implying the successful surface 

decoration after LBO treatment. To manifest the piezoelectric property of the coating layer, 

pure LBO powder was prepared applying the same synthesis conditions as in the coating 

operation. XRD pattern (Figure S4, Supporting Information) confirmed the as-prepared pure 

LBO material without any other impurity. Furthermore, piezoelectric force microscope (PFM) 

was employed to investigate the piezoelectric property of the as-prepared LBO material 

(Figure 2h; Figure S5a-c, Supporting Information), the high-contrast amplitude (Figure S5c, 

Supporting Information) and phase images (Figure 2h) manifested the desirable piezoelectric 

effect.[21] Focused ion beam combined with scanning electron microscope (FIB-SEM) 

technique was applied to investigate the cross-sectional element distribution of the 

as-synthesized NCM811-LBO secondary particle. The corresponding energy dispersive X-ray 

spectroscopy (EDS) mapping of the cross-section structure displayed in Figure 2b and Figure 

S6 (Supporting Information) obviously demonstrated that H3BO3 (HBO) could be in-situ 

lithiated to LBO with fast Li+ conductivity and piezoelectric properties under a high 

temperature of 800 °C. Meanwhile, B3+ cations would gradiently incorporate into each 

primary particle under thermally driven process. 

High-resolution transmission electron microscopy (HRTEM) was employed to characterize 

the microstructure of NCM811-LBO. As could be observed in Figure 2c, a heterogeneous 

dense layer with a thickness of ~ 5 nm was deposited on the surface of NCM811-LBO. 

Typically, the interior lattice fringe with an average space of ~ 0.23 nm could be identified to 

the (104) plane of Ni-rich cathode, and the exterior lattice fringe with a distance of ~ 0.25 nm 

and ~ 0.23 nm was ascribed to the (004) and (204) plane of LBO decoration layer.[22] 

Particularly, the improved intensities of Ni element and mitigated B signal with the line 

scanning depth (Figure 2d, TEM-EDS line scanning images), from another perspective 

illustrated the successfully LBO encapsulating and B-gradient incorporating in 

NCM811-LBO. The LBO layer was observed to be ~ 5 nm in thickness (Figure 2c), and the 

TEM-EDS line scanning image showed that the B signal extended from the secondary particle 

surface to a depth of ~ 15 nm inside the lattice, thus the B ions were gradiently doped in the 

range of ~ 10 nm from the lattice surface to interior. X-ray photoelectron spectroscopy (XPS) 
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characterization was applied to detect the elemental chemical environment of the as-prepared 

samples (Figure S7, Supporting Information). Representatively, the Ni and B distribution was 

detected by XPS depth analysis, wherein successive argon ion etching was performed for the 

NCM811-LBO particles. As shown in Figure 2e-g, B signals mitigated gradually from the 

surface to the inner bulk with etching time, accompanied with the continuous peak growth for 

Ni atom, providing a solid evidence for the gradient doping of B cations. 

To reveal the influence of B-doping on the valence state of Ni element, X-ray absorption 

near edge structure (XANES) spectra was collected and the normalized result was shown in 

Figure 2i. The Ni signal shifted to lower energy for NCM811-LBO compared with that of the 

pristine material, implying the lowered valence state of Ni,[23] from another viewpoint 

confirming B element incorporation into the bulk NCM811-LBO. Typically, the lowered 

valence state of Ni could contribute to higher discharge capacity of NCM811-LBO cathode, 

which will be discussed in the following electrochemical measurements. The local 

coordination information of Ni-edge was obtained by the Fourier transform magnitude of 

extended X-ray absorption fine structure (EXAFS) spectra (Figure 2j). The intensity of first 

coordination shell (Ni-O) in NCM811-LBO was slightly decreased, again manifesting the 

lowered Ni valence state. Particularly, the electron configuration of Ni3+ was considered as 

the low spin state t2
6e1 (Jahn-Teller effect),[24] which could trigger the severe distortion of 

NiO6, thus the lowered Ni cations valence state could effectively enhance the structural 

stability of Ni-rich cathodes. 

Firstly, the NCM811 electrodes under different LBO treatment strategies were tested by 

half cells and compared in Figure S8 (Supporting Information). It is clear that the in-situ LBO 

modified NCM811 exhibited superior capacity retention than the other electrodes, confirming 

the collaborative advantage in the electrochemical performances, which was hereafter selected 

for intensive analysis in the following context. Figure 3a demonstrated the NCM811-LBO 

cathode delivered an initial discharge capacity of 201.2 mAh g−1 at 0.1 C (22 mA g−1), with 

approximate 6.6 mAh g−1 higher than its pristine counterpart (194.6 mAh g−1). The increased 

specific capacity could be attributed to the reduction of Ni valence, providing another solid 

evidence for B-doping into the tetrahedral position. As observed in Figure 4b-d and Figure S9  
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Figure 3. (a) Initial charge-discharge profiles for NCM811 and NCM811-LBO; (b) cycling 

performances for NCM811 and NCM811-LBO at 1 C under 25 °C; (c) rate performances for 

NCM811 and NCM811-LBO; (d) cycling performances NCM811-LBO/Li4Ti5O12 full cell at 

0.5 C under 25 °C; (e) theoretical models for Li+ diffusion paths and (f) corresponding 

diffusion energy barriers for NCM811 and NCM811-LBO. 

(Supporting Information), the electrochemical performances of the modified Ni-rich cathode 

were obviously improved. After 300 cycles at 25 °C (Figure 3b), the NCM811-LBO cathode 

could still deliver a reversible capacity of 168.2 mAh g−1 with a capacity retention of 88.9% 

under 1 C, whereas the pristine NCM811 only maintained 77.6 mAh g−1 in capacity and 42.1% 

in capacity retention within the same electrochemical process. The electrochemical 

performance of NCM811-LBO was found superior compared with the recent reported 

literatures (Table S5, Supporting Information). The NCM811-LBO cathode was also attained 

an enhanced capacity retention compared to their pristine counterpart at elevated temperature  
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Figure 4. In-situ DEMS measurements for (a) NCM811 and (b) NCM811-LBO; in-situ 

HT-XRD patterns for (c) NCM811 and (d) NCM811-LBO; normalized evolutions of the 

lattice parameters of (e) c and (f) a.  

of 50 °C (Figure S9, Supporting Information). Specifically, the NCM811-LBO cathode 

delivered a high discharge capacity of 112.2 mAh g−1 even at the current density of 10 C 

(Figure 3c), much higher than the NCM811 material (78.6 mAh g−1). Furthermore, the 

NCM811-LBO/Li4Ti5O12 full cell retains an excellent capacity of 92.6% after 1000 cycles 
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under 0.5 C (Figure 3d). The enhanced electrochemical performances and rate capabilities 

simultaneously elucidated the improved structural stability and Li+ transport dynamics after 

in-situ LBO treatment. 

The well-maintained structural stability and enhanced phase transition reversibility could 

be partly explained by the dQ/dV profiles (Figure S10, Supporting Information). Density 

functional theory (DFT) calculation was employed to investigate the Li+
 diffusion barrier of 

NCM811 and NCM811-LBO cathodes, respectively. Based on the theoretical model of Li+
 

migration pathway in the bulk Ni-rich material (Figure 3e), it manifested that a diffusion 

barrier drop of 314 meV could be obtained after B incorporation (Figure 3f), partly explained 

the enhanced Li+ diffusion kinetics in CV and EIS analysis (Figure S11d-f, Supporting 

Information) as well as the improved rate performances (Figure 3c). Furthermore, to directly 

reveal any piezoelectric effect of Li2B4O7 on the Li+ kinetics of Ni-rich cathode, CV profiles 

under different scan rates as well as rate performances of pristine NCM811, non-piezoelectric 

LBO-NCM811 and piezoelectric LBO-NCM811 were investigated, and the corresponding 

results were compared in Figure S12 (Supporting Information). As could be observed in the 

CV profiles (Figure S12a-c, Supporting Information), the electrode polarization was 

effectively mitigated after LBO treatment, particularly for the piezoelectric LBO modified 

electrode. Furthermore, the Li+ diffusion coefficients could be obtained by fitting the Ip–ν1/2 

line of CV curves (Figure S12d, Supporting Information), which was thus calculated to be 

5.05 × 10−11 cm2 s−1 for piezoelectric LBO-NCM811, higher than that of the non-piezoelectric 

LBO-NCM811 sample (4.28 × 10−11 cm2 s−1, Figure S12e, Supporting Information), 

unambiguously providing an obvious proof in the enhanced Li+ kinetics after piezoelectric 

LBO treatment. Additionally, the rate performances (Figure S12f, Supporting Information) in 

piezoelectric LBO-modified NCM811 cathodes also exhibited the most effective 

improvement, again presenting a solid evidence for the piezoelectric effect of Li2B4O7 in 

boosting the Li+ kinetics for Ni-rich cathode upon cycling. 

In-situ differential electrochemical mass spectrometry (DEMS) was applied to detect the 

irreversible oxygen redox activities for both NCM811 and NCM811-LBO electrodes upon 

initial cycle (Figure 4a, b). The release of O2 and CO2 could be strikingly monitored during 
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the lithiation of pristine NCM811 (Figure 4a), whereas no obvious gas release was involved in 

the corresponding curve of NCM811-LBO cathode (Figure 4b). The detected CO2 could be 

assigned to the decomposition of carbonate impurities (such as Li2CO3) when charged to high 

potential from 4.0 V to 4.5 V,[25] and the collected O2 was believed related to the irreversible 

oxidation and escape of lattice oxygen.[1] The detrimental oxygen release upon repeated 

cycling would induce irreversible structural transformation and fast capacity fading as well as 

severe safety concerns.[26] The results herein clearly confirmed that the LBO modification 

could stabilize the lattice O in Ni-rich cathode, consistent with the above-mentioned 

theoretical calculations (Figure 1b-e). 

In-situ high-temperature XRD (HT-XRD) characterization was carried out to ascertain the 

structural and thermal stabilities of the delithiated electrodes (Figure 4c-f and Figure S13, 

Supporting Information). With elevating temperature to ~ 160 °C, the initial layered (R-3m) 

NCM811 electrode transformed to a disordered spinel structure (Fd-3m), which was indicated 

by the skewing of (003)L peak (Figure 4c).[27] Then, it was followed by another phase 

transformation until the main peaks were well indexed to a cubic rock salt phase (Fm-3m) 

without other impurities at ~ 450 °C.[28] Comparatively, the corresponding spinel phase 

transition temperature for NCM811-LBO electrode was increased to ~ 200 °C and the spinel 

phase remained well even heating up to 500 °C. The phase transition of Ni-rich cathode upon 

heating was generally induced by the reduction of Ni3+/Ni4+ to Ni2+, which could migrate 

from the octahedral sites in TM layer to the octahedral sites in Li layer upon the reduction 

process. As a result, the Li+ diffusion barrier could be increased. Meanwhile, oxygen release 

from the crystal structure will be inevitably induced to maintain the overall charge 

neutrality,[28] and the generated oxygen vacancies will further lower the activation barrier for 

the migration of TM cations, eventually accelerating the phase transitions. The postponed 

phase transformation unambiguously attested the enhanced structural/thermal stabilities and 

the lowered oxygen activities in NCM811-LBO electrode. To quantitatively reveal the lattice 

changes upon heating, the lattice parameters were further obtained by Rietveld refinement of 

XRD patterns (Figure 4e, f). The initial slight growth of lattice parameter c could be ascribed 

to the lattice expansion under moderate treatment, and the latter process was related to the  
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Figure 5. In-situ XRD patterns of (003) peaks in the initial cycle for (a) NCM811 and (b) 

NCM811-LBO; (c) evolution of lattice parameter c for NCM811 and NCM811-LBO; (d) 

Young’s modulus of NCM811 tested by PFM technique; (e) stress curves for NCM811-LBO 

during initial cycle; (f) finite element analysis of piezoelectric field distribution in LBO layer; 

(g) schematic illustration of the regulation effect of piezoelectric LBO layer on Li+ 

transportation at NCM811 interfacial. 

phase transformation and oxygen release.[29] In contrast, the lattice parameter c exhibited a 

larger expansion before degradation, confirming that NCM811-LBO cathode could withhold 

more c-axis expansion than the pristine material. The linear expanding of lattice parameter a 

below 200 °C in Figure 4f could be mainly ascribed to the thermal expansion. Though the 

a-axis increased rather sharply with further temperature elevating, which was induced by the 

TM ion migration and corresponding phase transformation, the temperature in phase 

transition for the modified electrode was significantly elevated. The depressed phase 
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transition and lattice changes in NCM811-LBO sample monitored by the in-situ HT-XRD, 

unambiguously manifested that the oxygen release and thermal runaway were effectively 

alleviated under LBO treatment, coinciding with the in-situ DEMS measurements (Figure 4a, 

b). 

In-situ XRD analysis was performed in initial cycle to assess the effect of in-situ LBO 

construction on structural stability (Figure 5a, b; Figure S14a, b, Supporting Information). 

The lattice parameter c underwent a nonlinear evolution composed of gradual increase and 

sharply degradation (Figure 5c). The c-axis expansion under 4.2 V could be attributed to the 

increase of O─O repulsion due to the Li+ removal within Li-slab and the contraction above 

4.2 V was mainly related to the shrinkage of interlayer distance between NiO6 sheets, which 

could be explained by the electron transfer from eg orbit to 2p energy band of O2− during 

Ni2+/3+/4+ oxidation process.[30] The peak shift during H2→H3 phase transition was 1.144° and 

0.544° for NCM811 and NCM811-LBO, corresponding to their maximum shrinkages of 2.09% 

and 1.31% respectively. The alleviated lattice collapse in NCM811-LBO cathodes might be 

ascribed to the incorporated B3+ cations synchronously lowered O 2p energy band and acted 

as pillars under its highly delithiated state. Particularly, suppressed peak shift (1.144°→0.544°) 

evidently manifested the mitigated stress accumulation and thus partly explained the 

above-mentioned enhanced electrochemical performances in modified cathodes (Figure 3b-d). 

The Young's modulus of pristine NCM811 was detect by atomic force microscopy (AFM) 

and determined to be 109 GPa (Figure 5d). The strain and stress values of NCM811-LBO in 

the initial cycle were calculated using formulas S1 and S2 (Supporting Information) and 

shown in Figure 5e, Figure S15a (Supporting Information). With the transmission of lattice 

strain of interior Ni-rich particle, the induced force imposed on piezoelectric LBO layer 

would motivate the additional polarized electric field, which was simulated and shown in 

Figure 5f and Figure S15b (Supporting Information). The maximum value of polarized 

potential triggered in NCM811-LBO cathodes was determined to be 0.52 V in the charged 

state (Figure S15b, Supporting Information). During the discharge process, same maximum 

potential could be obtained, with the extra voltage of 0.24 V maintained at the end of 1st cycle 

(Figure 5f). It should be highlighted that the orientation of triggered potential was in accord 
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with that of Li+ diffusion upon cycling, which would be favorable for Li+ kinetics behavior in 

battery operation.  

Based on the above analysis, the schematic diagrams of LBO contribution to Ni-rich 

electrode were demonstrated in Figure 5g. The pernicious strain in pristine NCM811 will lead 

to internal microcracks prolonged to the external surface, wherein the infiltrated electrolyte 

inevitably leads to severe erosion on electrode material. Nevertheless, the LBO piezoelectric 

layer would play positive roles through rationally transforming the strain-stress of NCM811, 

particularly that the polarized potential induced in LBO compound was of the same 

orientation with that of external electric field upon cycling process, acting as a local 

accelerator to promote Li+ diffusion at electrolyte-cathode interface. Simultaneously, the 

improved Li+ kinetics could depress the stress-strain accumulation through lowering the 

interfacial energy barrier and eventually elevating the electrochemical performances for the 

Ni-rich cathodes. 

In-situ Raman spectra for NCM811 and NCM811-LBO cathodes in the first cycle were 

collected and analyzed in Figure 6a-d. Two peaks appeared at 483 and 567 cm−1, which were 

assigned to the typical Eg and A1g modes for TM─O symmetrical stretching and O─TM─O 

bending vibrations in layered structure (R-3m space group).[31] Further normalized analysis in 

the intensity evolutions for the Eg and A1g revealed a prominent degeneration upon charging 

process, which declined more dramatically in NCM811 cathode. The peak degradation 

manifested the weakened TM─O and O─TM─O bonds, ineluctably accompanied by the 

structure degradation and lattice oxygen release from the surface structure. The 

above-mentioned in-situ Raman spectroscopic analysis provided solid evidence that LBO 

construction could effectually restrain the oxygen release. Finite element analysis was 

conducted to demonstrate the stress-strain distribution in NCM811 and NCM811-LBO 

secondary particles under different voltages, with cross-sectional mappings shown in Figure 

6e, f. Clearly, the NCM811 cathode showed a larger stress distribution, which was obviously 

alleviated in NCM811-LBO secondary particles.[32] This discrepancy could be mainly 

attributed to the in-situ LBO construction, effectively mitigating the stress accumulation of 

Ni-rich cathode through unique piezoelectric effect.  
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Figure 6. In-situ Raman spectra for (a) NCM811, (b) NCM811-LBO; evolution of integrated 

intensities for (c) Eg and (d) A1g bands in NCM811 and NCM811-LBO as a function of 

spectral acquisition number; tension stress distribution for (e) NCM811 and (f) 

NCM811-LBO particles at different voltage. 

Figure S16a-c (Supporting Information) presented the XRD patterns with magnified (003) 

peak for the NCM811 and NCM811-LBO cathodes before and after 200 cycles. Herein the 
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slighter (003) peak change in NCM811-LBO indicated that the electrode polarization was 

effectively weakened,[33] corresponding with the previous dQ/dV analysis (Figure S10, 

Supporting Information). As observed in the topographies of NCM811 and NCM811-LBO 

cathodes after 200 cycles (Figure S16d, e, Supporting Information), the reduced 

intracrystalline microcracks providing solid evidence of the structural stability enhancement 

by LBO modification. HRTEM images were collected to compare the microstructure 

evolutions of NCM811 and NCM811-LBO cathodes after 200 cycles (Figure S16f, g, 

Supporting Information). The fairly remained LBO coating layer and unchanged inner layered 

structural the HRTEM results confirmed that the LBO could stabilize the surface structure of 

Ni-rich cathode.[34] Elemental mapping images were also obtained for NCM811-LBO (Figure 

S16h, Supporting Information), the homogeneous element distribution could be observed 

even after 200 cycles, from another viewpoint confirming the strong compatibility between 

the bulk NCM811 and LBO coating layer. XPS surface analysis was further performed for 

NCM811 and NCM811-LBO after 200 cycles to observe the surface chemical environment 

(Figure S17, Supporting Information). The reduction of fluoride (F)-contained compound on 

NCM811-LBO electrode surface indicated the effectively inhibited generation of CEI films 

by in situ LBO construction,[35] consistent with the previous EIS (Figure S11a-c, Supporting 

Information) and HRTEM analysis (Figure S16f, g, Supporting Information). The 

investigations established herein clearly manifested that the piezoelectric LBO coating could 

not only suppress the intergranular microcracks and adverse evolution of structural 

degradation, but also stabilize the near-surface microstructure of Ni-rich cathode to enhance 

its electrochemical cyclabilities. 

3. Conclusions 

In this work, heterogeneous B3+ cations with high binding energy to lattice O were gradiently 

incorporated into each primary particle accompanied with the piezoelectric LBO layer 

encapsulated on the secondary particle surface of polycrystalline NCM811 cathode, aiming to 

synchronously improve their structural and electrochemical performances through a facile 

in-situ construction method. The as-prepared NCM811-LBO electrode could retain 88.9% of 

its initial discharge capacity after 300 cycles under a current density of 1 C, obviously 
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superior than its pristine counterpart (63.2%). Furthermore, the NC811-LBO/Li4Ti5O12 full 

cell achieved 92.6% capacity retention after 1000 cycles under 0.5 C. Multi-scale in/ex-situ 

experimental characterizations combined with theoretical calculation and finite element 

analysis elucidated the excellent structural stability in LBO modified samples. The 

remarkably improved cycling capability and structural stability of the modified cathode could 

be attributed to the following synergistic contributions: (1) the incorporated B3+ cations 

effectively reduced TM─O covalence and the O atom electronegativity to suppress lattice O 

escape; (2) the unique doping site of B cations (tetrahedral position in lithium layer) afforded 

pillar effect in highly delithiated Ni-rich cathodes and thus validly stabilized the crystal 

structure; (3) the piezoelectric LBO decorator in-situ mitigated the noxious stress from 

internal materials and accelerated Li+ diffusion at the cathode-electrolyte interface upon 

cycling; (4) the deposited LBO layer served as a physical separator to ameliorate the 

interfacial instability through alleviating possible side-reactions between electrode and 

electrolyte. The synchronous modification of gradient B-incorporation and uniform 

piezoelectric LBO-decoration for NCM811 cathode herein not only provides a guidance in 

manipulating the internal structure and interface stability for ultra-high voltage Ni-rich 

cathode, but also broadens a new insight for the design and development of energy storage 

and conversion systems. 
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