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Abstract 

Lithium-rich, manganese-based layered oxides are considered to be one of the most valuable 

cathode materials for the next generation of high-energy density lithium-ion batteries for their 

high specific capacity and low cost. However, their practical implementation in LIBs is 

hindered by the rapid voltage/capacity decay on cycling and the long-standing contradictions 

between redox kinetics and volumetric energy density due to their poor calendaring 

compatibility. Herein, a coherent near-zero-strain interphase was constructed on the grain 

boundaries of cathode secondary particles by infusing LiAlO2 material through the reactive 

infiltration method (RIM). Theoretical calculations, multi-scale characterizations and 

electrochemical tests show that this coherent interphase with near-zero-strain feature upon 

electrochemical (de)lithiation inhibits volume changes of the lattice and structural degradation 

of cathode primary particles during cycling. More importantly, the ionically conductive LiAlO2 

nanolayer infiltrated in the grain boundaries of cathode secondary particles can not only 

promote the rapid Li+ migration and act as a barrier to protect the material from the corrosion 

of the electrolyte, but also effectively improve the mechanical strength of the cathode secondary 

particles. Collectedly, the LiAlO2-infiltrated cathode materials display superior electrochemical 

cyclability, enhanced rate capability and industrial calendaring performance, marking a 

significant step towards commercial implementation. 
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1. Introduction 

The rapid development of modern society has stimulated the demand for lithium-ion 

batteries (LIBs) with high energy density and power density, and the cathode material is 

considered to be a key component to increase the energy density of LIBs [1], because the anode 

materials such as graphite (> 360 mAhּּ g-1) and Si/C anode (> 500 mAhּּ g-1) have achieved 

considerable development [2]. In this regard, Li-rich, manganese-based layered oxides (hereafter 

referred to as LMLOs), xLi2MnO3·(1-x)LiMO2 (M=Mn、Ni、Co etc.), are considered to be 

one of the most promising cathode materials for the next generation of LIBs with high energy 

density and cost effectiveness [3]. The LMLOs can provide a reversible specific capacity of more 

than 250 mAhּּ g-1 based on combined cationic redox and anionic oxygen redox, which far excel 

that of conventional cathode materials such as LiCoO2 and Ni-rich lithium-stoichiometric 

layered oxides, and their costs are much lower than these Co- and Ni-based layered cathode 

materials [4]. 

Nevertheless, there are still some technical bottlenecks that limit the commercial 

application of LMLOs. First, the unique redox processes of LMLO materials trigger severe 

lattice oxygen release and irreversible migration of TM ions to the lithium layer during the 

cycle, resulting in continuous voltage decay and potential safety hazards [5]. Moreover, 

compared with Co-/Ni-based lithium-stoichiometric layered oxides, Mn-based LMLO 

materials with intrinsically poor electronic conductivity are commonly characteristic of loose 

and porous secondary particles that are consisted of numerous submicrometer-sized primary 

particles, and consequently give rise to the detrimental factors, including side reactions at the 

electrode-electrolyte interface and the dissolution of TM ions that lead to the overgrowth of 
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non-conductive CEI films, and intergranular cracking due to poor electrode calendaring 

property, consequently resulting in poor rate performance, reduced volumetric energy density 

and limited cycle life [6]. Thus, advancements for Mn-based LMLOs as cathode materials for 

rechargeable LIBs depend heavily on resolving these bottleneck difficulties. 

Although countless research efforts have been invested to mitigate these technical 

challenges, including chemical doping [7], surface coatings [8], micro-nano structure regulation 

[9] and electrolyte additives [10], unfortunately, none of them could fully address the above-

mentioned technical problems practically. Herein, we propose a reactive infiltration strategy to 

infuse near-zero-strain LiAlO2 material (hereafter referred to as LAO) to the grain boundaries 

of cobalt-free Li1.2Mn0.54Ni0.26O2 (LRMN) to tackle voltage/capacity decay, redox kinetics and 

electrode compacting issues. Detailed structural and chemical characterizations and theoretical 

calculations combined with electrochemical testing confirm that the infiltrated LAO forms a 

coherent layered/layered interface with LRMN material and strengthen the grain boundaries of 

the LRMN secondary particles, which can not only increase the Li+ migration rate and inhibit 

the lattice volume change and side reactions at the interface of the LRMNs during the cycle, 

but also improve the mechanical strength of the LRMN material. As a result, the LAO-

infiltrated material delivers higher capacity, excellent cycle performance, superior rate 

capability and enhanced compaction performance. 

2. Results and discussion 

2.1 Reactive infiltration of near-zero-strain LiAlO2 into the grain boundaries of LRMN 

particles  

First principles calculations were first performed using the Vienna ab initio simulation 
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package (VASP) based on density function theory (DFT) to evaluate the elastic modulus of the 

α-LiAlO2 (α-LAO) with the removal of Li+ from the lattice (Detailed procedures are described 

in Supporting Information). As shown in Figure 1a, the changes in Young's modulus of α-LAO 

are much smaller than those of the LRMN material with the same R-3m space group, and thus, 

α-LAO could be considered as a near-zero-strain material. Experimentally, we injected the LAO 

material into the secondary particles of LRMN by reactive infiltration method (RIM) to coat 

the primary particles uniformly. After sintering, the LAO coating crystallizes in α-LiAlO2 phase 

with R-3m space group (Figure S1a), forming a coherent interface with the host structure of 

the layered LRMN material by sharing the oxygen lattice (Figure 1b). Theoretical calculations 

also confirm that the α-LAO interphase shows a lower Li+ migration energy barrier than pristine 

LRMN material (Figure 1c), thus the strategy of injecting near-zero-strain α-LAO material is 

expected to significantly improve the overall performance of the LRMN cathode materials. 

The powder X-ray diffraction (XRD) patterns shown in Figure S1b confirm that the 

pristine LRMN material (Pristine-LRMN) and α-LAO coated LRMN (LAO@LRMN) display 

the same diffraction patterns, typically, the main reflections can be assigned to an α-NaFeO2 

structure with R-3m space group, and the weak superstructure reflections between 20 to 25° 

corresponds to the monoclinic Li2MnO3 (C2/m) [11]. In addition, the Rietveld refinement results 

suggests that both the samples have similar lattice parameters and layered structures (Figure 

S1b and S2), and no diffraction peaks for α-LAO phase can be observed because of the low 

content. 

Representative SEM images (Figure S3) show that the samples before and after the RIM 

treatment display typical spherical microstructure formed by agglomeration of primary particles, 
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but the porosity of the cathode secondary particles was reduced after the RIM treatment (shown 

in Figure S4 and Table S3). Combined low magnification high angle annular dark field 

(HAADF) with energy dispersive X-ray spectroscopy (EDS) mapping of FIB-sectioned 

LAO@LRMN, it is confirmed that the LAO coating penetrated into the interior of the secondary 

particles to  fill the pores and grain boundaries between the primary particles  (Figure 1d-g and 

Figure S5). Atomic-resolution HAADF imaging and corresponding fast Fourier transformed 

combined with EDS maps, as shown in Figure 1h-n, reveal that the LAO nanolayer injected 

between the primary particles crystallize in α-LiAlO2 with R-3m space group and it well 

matches with the host layered structure of the LRMN material by sharing oxygen lattice to form 

a stable and interlocked coherent interface.  
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Fig. 1 a Theoretical evaluation of Young's modulus of LRMN and α-LAO materials during 

different delithiation status. b Schematic diagram showing the reactive infiltration of LAO in 

the grain boundaries of LRMN secondary particles to form a stable and interlocked coherent 
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interface. c Energy barriers of Li+ migration before delithiation. d-g HAADF-STEM and EDS 

maps of the cross-sectioned LAO@LRMN secondary particle; h HAADF-STEM and i, j 

corresponding FFT patterns and k-n EDX maps at the grain boundary of the cross-sectioned 

LAO@LRMN particle. 

2.2 Improved initial Coulombic efficiency, capacity retention and voltage stability 

Electrochemical properties of Pristine-LMNO and LAO@LRMN electrodes are shown in 

Figure 2. All the half-cells were first activated at 0.1C (2-4.7 V, 1C = 250 mAhּּ g-1) and then 

tested at 1C (2-4.65 V) for 300 cycles. As shown in Figure 2a, the initial charge curve has a 

long plateau at 4.5 V that corresponds to the electrochemical activation of Li2MnO3 and a sloped 

region below 4.5 V that represents the oxidation process of Ni2+ to Ni4+ [12]. Clearly, the 

LAO@LRMN delivers a lower charge capacity on the 4.5V plateau than Pristine-LRMN, 

indicative of less activation process of Li2MnO3 (or stabilized oxygen anions) and suppressed 

electrode-electrolyte interfacial reaction under high voltages [13]. In contrast, during the 

discharge process, the LAO@LRMN electrode exhibits improved electrochemical kinetics 

below 3.8 V and provide a higher discharge specific capacity of 245 mAhּּ g-1, thereby increasing 

the initial Coulombic efficiency from 76.35% to 82.29%.  

Figure 2b-d shows the cycling performance and discharge voltage change of the pristine 

and LAO@LRMN electrodes at 1 C. As expected, the LAO@LRMN electrode can still provide 

a higher specific capacity of 210.5 mAhּּ g-1 at 1C, approximately 16 mAhּּ g-1 higher than 

Pristine-LRMN. After 300 cycles, the discharge capacity of Pristine-LRMN decreases from 

194.4 to 79.4 mAhּּ g-1 with a retention of 41.13 %, while the LAO@LRMN retains a capacity 

as high as 172 mAhּּ g-1 with a retention rate of 81%. Moreover, the voltage attenuation of the 
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LAO@LRMN electrode is 1.33mV cycle-1 and the retention rate is 89.01% after 300 cycles, 

which significantly excel those of Pristine-LRMN (2.36 mV cycle-1 and 81.11%). The 

suppression of voltage attenuation in the discharge curves (Figure 2d) and the corresponding 

dQ/dV curves (Figure S6) confirms the positive effect of the infiltrated α-LAO interphase on 

the electrochemical performance.  

The LAO@LRMN electrode also exhibits excellent kinetics performance, as shown in 

Figure 2e, it delivers higher capacities than Pristine-LRMN at all C rates. Electrochemical 

impedance spectroscopy (EIS) measurement confirms that the infiltrated α-LAO interphase can 

reduce the charge transfer resistance Rct from the 51.73 Ω to 35 Ω for the LAO@LRMN (Figure 

S7). The Li+ diffusion coefficient (DLi+) estimated from the cyclic voltammograms (CV) 

collected at different scanning rates on the basis of Randles–Sevcik equation suggests that the 

Li+ diffusion coefficients of the oxidation and reduction process for the LAO@LRMN are larger 

than those of Pristine-LRMN (Figure S8 and Table S7) [1c, 14], which is also verified by the 

lower Li+ migration energy barrier during the Li extraction process (Figure S9). 
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Fig. 2 Electrochemical performance of the pristine LRMN and LAO@LRMN. a Initial charge 

and discharge curves at 0.1C. b, c Voltage stability and cycling performance of the samples at 

1C. d Discharge curves of selected cycles for the samples. e Rate performance for the samples. 

2.3 Boosted calendering compatibility and elimination of particle pulverization    

Considering that the infiltrated α-LAO fills the pores and grain boundaries of the LRNM 
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secondary particles, the LAO@LRMN materials are expected to endure high mechanical 

pressure without intergranular fracturing and particle during electrode calendering and to ensure 

high volumetric energy density. First, we evaluated the mechanical strength of a single 

secondary particle of Pristine-LRMN and the LAO@LRMN using a modified NanoIndentor, 

as illustrated in Figure 3a and S10. The nanoindentation testing was applied on similar 

secondary particles from these two materials (Figure S11), and the applied force and the 

detected displacement were monitored before the secondary particles were crushed. Compared 

with the Pristine-LRMN particle (Figure 3b), the LAO@LRMN secondary particle can 

withstand a larger force of 9.98 mN with a longer displacement of 906.566 nm that can be 

converted into a crushing strength of 158.18 MPa [15]. These mechanical results show that the 

LAO@LRMN secondary particles possess higher strength and toughness, implying better 

calendering property and higher volumetric energy density.  

Then, the cross-sectional morphology of the secondary particles and the electrochemical 

properties of these two materials were explored under different calendering densities. As shown 

in the Figure 3c, as the secondary particles are continuously compressed and the calendering 

density gradually increases from 2.2 to 3.3 gּּ cm-3, high porosity of the Pristine-LRMN particles 

will intensify the stresses at pore tips and cause the initiation and propagation of microcracks, 

and finally crush the particle. In contrast, the LAO@LRMN secondary particles show fewer 

cracks, and maintains a relatively complete spherical shape even when the calendering density 

reaches 3.3 gּּ cm-3 (Figure 3d). Surprisingly, even under industrial electrode conditions with a 

high calendering density of 3.3 gּּ cm-3 and a high mass loading of 15 mg·cm-2, the LAO@LRMN 

electrode can still deliver a superior specific capacity and exhibits enhanced cycling stability 
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when compared with the Pristine-LRMN electrode (Figure 3e).  

 

Fig. 3 a Schematic illustration of crushing testing using a modified NanoIndentor. b 

Experimental crushing test results for Pristine LRMN and LAO@LRMN particles (Loading 

speed: 20 mN·min-1). Cross sectional SEM micrographs of c Pristine-LRMN and d 

LAO@LRMN with various calendering densities of 2.2, 2.7 and 3.3 g·cm-3, respectively. e 

Cycling performance of Pristine LRMN and LAO@LRMN electrodes at 0.5C. The loading 

mass of the electrodes is about 15 mg·cm-2.   

 

2.4 In-situ XRD and operando DEMS analyses 



 

 13 

To unravel the fundamental mechanisms as to why the LAO@LRMN electrode exhibited 

a superior electrochemical performance over the pristine electrode, in-situ structural changes 

and gas evolution process were studied. Figures 4a-c show the in-situ XRD patterns and the 

corresponding lattice parameter changes obtained from the initial charge and discharge process. 

Typically, the shifting of the peaks, such as (003) peak shown in Figure 4a, represents the 

evolution of lattice parameter c during reversible delithiation/lithiation process [16]. During the 

charging process, the (003) peak first shifts to a low angle (< 4.5V) and then to a high angle (> 

4.5V) (Figure 4a, b), which indicates that the lattice parameter c increases initially and then 

decreases as the voltage was higher than 4.5 V. This tendency can be ascribed to the extraction 

of Li ions from LiMO2 that leads to the expansion of (003) plane before charging to 4.5V, and 

the participation of oxygen redox and the release of oxygen gas above 4.5V, leading to shrinkage 

of the (003) plane [17]. Unsurprisingly, the shifting amplitudes of the diffraction peaks for the 

LAO@LRMN electrode are constantly smaller than those for Pristine-LRMN, which are 

consistent with the Rietveld refinement results shown in Figure 4c. The above in-situ structural 

analyses confirm that the near-zero-strain LAO interphase can effectively reduce the 

unfavorable lattice volume changes during cycling.  

Operando differential electrochemical mass spectrometry (DEMS) was employed to 

further clarify the positive effects of the near-zero-strain LAO interphase on gas evolution 

process [5d, 18]. Noticeably, O2 gas could be detected in both electrodes when charged over 4.4V 

during the initial charge process, but the O2 gas generation in the LAO@LRMN electrode was 

slightly postponed and the released O2 amount was substantially reduced, when compared with 

the Pristine-LRMN electrode (Figure 4d). As for the CO2 evolution process, similar trends on 
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the gas initiation and the released amount could be observed in the LAO@LRMN electrode 

(Figure 4e). The DEMS results confirm that the infiltrated α-LAO interphase can not only 

inhibit the gas release but also act as a barrier to prevent the electrolyte penetration into the 

grain boundaries and to reduce the occurrence of side reactions at the cathode-electrolyte 

interface, thereby improving the electrochemical performance of the cathode material. 

 

Fig. 4 Initial charging and discharging profiles and the corresponding in-situ XRD patterns and 

two-dimensional (2D) contour plots of a Pristine LRMN and b LAO@LRMN. c Lattice 

parameter changes of the two materials during the initial cycle. Gas evolution of d O2 and e 

CO2 in Pristine-LRMN and LAO@LRMN using operando DEMS. 
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2.5 Postmortem structural and chemical analyses 

To evaluate the influence of the near-zero-strain α-LAO interphase on long-term structural 

stability of the cathode materials, we analyzed in detail the XRD patterns taken from the 

Pristine-LRMN and LAO@LRMN electrodes after 200 cycles, as shown in Figures 5a-b and 

S13. Although the main diffraction peaks of the two cycled electrodes can still be indexed to 

the typical layered structure (Figure S13), the intensity of diffraction peaks for the cycled 

electrodes was suppressed, suggesting that both the Pristine-LRMN and LAO@LRMN 

electrodes experienced structural degradation to some extent. It has been well identified that 

the structural degradation originates from cation migration from the TM layer to the Li layer 

and transforms from a pure layered structure to spinel- and/or rock salt structures, which 

markedly reduces the Li layer spacing and degrades the redox kinetics and cycling stability [19] . 

Comparatively, it is worth noting that all the diffraction peaks are broader for the cycled 

Pristine-LRMN and its representative (003) diffraction peak shifts to a higher angle when 

compared with the cycled LAO@LRMN (Figure 5a, b), indicating that the Pristine-LRMN has 

suffered more severe structural degradation and formed more spinel and rock-salt phases in the 

layered matrix.  

High-resolution HAADF-STEM images of cycled Pristine-LRMN and LAO@LRMN 

provide more intuitive evidence for the structure degradation during cycling. As shown in 

Figure 5c and Figure S14a-d, a thick region mixed spinel structure and rock-salt structure of 

Pristine-LRMN particles after 200 cycles can be easily distinguished, suggesting that the 

material has suffered severe structural degradation due to the loss of oxygen and the dissolution 

of TM ions by electrolyte corrosion [20] . In sharp contrast, structural degradation can be 
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observed primarily in limited regions at the surface of the LAO@LRMN that were not fully 

covered by α-LAO nanolayer, most of the inner covered area retains an intact layered lattice 

framework (Figure 5d-h and Figure S14e-g), exhibiting a superior structural stability. 

Moreover, the dissolution of TM ions into the electrolyte for cycled Pristine-LRMN and 

LAO@LRMN electrodes was also determined using inductively coupled plasma optical 

emission spectroscopy (ICP-OES) [21], as shown in Figure 5i and Table S8. Considering that 

the Mn/Ni ratio in the electrode materials is roughly 2, selective dissolution of 

electrochemically active Ni species is evident in the Pristine-LRMN, especially after long-term 

cycling, whereas the TM dissolution in the cycled LAO@LRMN electrodes is relatively closer 

to the stoichiometric ratio of the electrode. More importantly, the dissolution amounts of Ni and 

Mn ions from the LAO@LRMN electrode are much less than those from the Pristine-LRMN 

electrode after extended cycles, which account for the substantially improved voltage and 

capacity retention of the LAO@LRMN electrode. 
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Fig. 5 Enlarged XRD patterns for the a Pristine-LRMN and b LAO@LRMN after 200 cycles. 

c Representative atomic-resolution HAADF-STEM image for the Pristine-LMNO after 200 

cycles. d Representative atomic-resolution HAADF-STEM image and e-h the corresponding 

EDX maps for the LAO@LRMN after 200 cycles. i Dissolved Ni and Mn species in the 

electrolytes after 100 and 200 cycles measured by ICP-OES. 

2.6 Mechanism of enhanced electrochemical performance  

Based on the above analyses, the near-zero-strain LAO interphase introduced by the RIM 

plays multiple roles in the improvement of the electrode performance. First, the near-zero-strain 

α-LAO shares the same oxygen lattice and forms a coherent interface with the layered structure 

of LRMN. When charged to high voltage, the LRMN layered structure should experience the 

increase of interlayer distance (or expansion of c axis) and continuous contraction of a axis, but 

the near-zero-strain α-LAO interphase that exists in the LAO@LRMN will undoubtedly 
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constrain the volumetric change of the layered lattice that is required for Li extraction, as 

evidenced in Figure 4a-c, thereby inhibiting the electrochemical activation of Li2MnO3 phase 

(Figure 2a) and the release of lattice oxygen (Figure 4d). The stabilized oxygen lattice in the 

LAO@LRMN is beneficial to reduce the irreversible migration of TM ions that leads to the 

cumulative formation of spinel- or rock salt-like disordered phases [3b, 22]. Thus, the near-zero-

strain interphase brings about improved initial Coulombic efficiency and less voltage decay for 

the LAO@LRMN electrode.  

Second, the α-LAO material itself is a fast ion-conductor that can effectively increase the 

migration rate of Li+ ions (Figure 1c), resulting in electrochemical rate capability for the 

LAO@LRMN electrode. Simultaneously, the α-LAO interphase filled the pores and grain 

boundaries of the secondary particles, which acts as a physical barrier to isolate the direct 

contact between the electrode primary particles and liquid electrolyte, thereby minimizing the 

electrolyte decomposition and electrode corrosion (Figures 4e and 5i). The elimination of 

overgrowth of cathode-electrolyte interphase (CEI) and low-voltage spinel- or rock salt-like 

phases ensures the excellent rate performance and enhanced capacity and voltage retention 

during long-term cycling.  

Third, on the basis of theoretical calculations (Figure 1a), the α-LAO material possesses 

a lower Young's modulus than the Pristine-LMNO material, suggesting that the α-LAO 

interphase may accommodate more elastic deformation under the same mechanical pressure. 

Also, the infiltration of α-LAO interphase can eliminate the vulnerable spots such as pores and 

grain boundaries that exist in the cathode secondary particles, thus the initiation and propagation 

of intergranular cracking and subsequent particle breakage could be markedly postponed. As a 
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result, the LAO@LRMN electrode with industrial calendering density can deliver reasonably 

high-rate performance and enhanced cycling stability (Figure 3).  

3. Conclusions 

To summarize, we have demonstrated a facile strategy of injecting near-zero-strain α-

LiAlO2 material into the cathode secondary particles through the reactive infiltration method 

(RIM) to mitigate voltage decay, redox kinetics and calendering incompatibility of Li-rich, 

manganese-based layered oxide materials. Detailed structural and electrochemical tests show 

that the near-zero-strain α-LAO nanolayer form a coherent interface with the host layered 

structure by sharing the oxygen lattice. The coherent interface can not only reduce the volume 

changes of the layered lattice during the cycle and increase the migration rate of Li+, but also 

act as a physical barrier to minimize the electrode-electrolyte direct contact to reduce interfacial 

side reactions and TM dissolution. In addition, the RIM reduces the porosity of the secondary 

particles and strengthen the grain boundaries, thus effectively suppresses intergranular cracking 

and particle pulverization of the electrode upon calenering process and extended 

electrochemical cycles. The present work provides new ideas for the design of advanced layered 

cathode materials through grain-boundary engineering. 
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A coherent near-zero-strain interphase was constructed on the grain boundaries of cathode 

secondary particles by infusing LiAlO2 material through the reactive infiltration method (RIM) 

to inhibit volume changes of the lattice and structural degradation of cathode primary particles 

during cycling, and improve the Li+ migration rate and the mechanical strength of the cathode 

secondary particles.  
 
Weitao He, Chunxiao Zhang, Meiyu Wang, Bo Wei, Yuelei Zhu, Chaoping Liang, Libao Chen, 
Peng Wang and Weifeng Wei* 
 
Countering Voltage Decay, Redox Sluggishness and Calendering Incompatibility by Near-
Zero-Strain Interphase in Lithium-Rich, Manganese-based Layered Oxide Electrodes 
 
 
ToC figure  

 


